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Abstract 
 
Bass Strait, south-eastern Australia, is an important region for seabirds, with > 20.5 
million individuals estimated to breed in the region.  Competition for breeding 
habitat and prey may influence this assemblage of seabirds.  However, patterns of 
abundance and distribution, and the mechanisms that drive these are not well-known.  
Similarly the trophic dynamics of the abundant seabirds of the region are poorly 
understood.   
Since seabird islands are difficult to access and resources often limited, optimal 
survey regimes for little penguins (Eudyptula minor) and short-tailed shearwaters 
(Ardenna tenuirostris) were determined using bootstrapping and simulation 
techniques.  Survey effort could be reduced using line transect methods, though this 
varied between species, probably due to differences in burrow distribution, island-
specific attributes and seasonal variations in abundance.  It was found that effort 
could be considerably reduced under a pseudo-random sampling regime for both 
species on relatively simple islands with habitat areas ≤ 25 ha. 
Islands in northern Bass Strait were surveyed in winter 2008 – summer 2011  
to investigate distribution patterns.  These islands were found to support significant 
populations of little penguins, short-tailed shearwaters, fairy prions (Pachyptila 
turtur) and common diving-petrels (Pelecanoides urinatrix).  Distribution patterns 
appeared to be influenced by species-specific breeding habitat quality, predators and 
the location of foraging areas. 
Breeding habitat features used by the four most abundant burrowing species in 
the region were assessed using regression modelling techniques.  A range of physical 
and floristic attributes were used, potentially reflecting adaptations for particular 
physical features and biological pressures.  Despite overlap in habitat use, the total 
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suite of attributes diverged between species and different microhabitats within 
colonies were occupied.  This would moderate competition for breeding sites. 
The trophic niches of the four seabird species were determined using stable 
isotope and stomach contents analyses.  While little penguins consumed mainly fish, 
coastal krill (Nyctiphanes australis) was a key prey item of all three 
procellariiformes.  Competition for this resource may be alleviated by differential 
consumption of coastal krill, and divergent foraging behaviour and breeding 
phenologies.  Dependence on a few prey taxa suggests that these seabirds are 
vulnerable to declines in prey availability.  
Climate change is predicted to produce significant changes in the terrestrial and 
marine ecosystems of Bass Strait, potentially resulting in a decline in suitable 
breeding habitat and prey availability, particularly for the krill-eating species.  The 
four seabirds consume an estimated 1 270 200 tonnes of prey throughout Bass Strait 
during their respective breeding seasons.  Any decrease in breeding habitat and prey 
availability is likely to result in increased inter-specific competition which may have 
negative consequences for the reproductive success and population sizes of seabirds.  
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CHAPTER 1  
INTRODUCTION 
 
 
Little penguin, Notch Island, January 2009 
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Seabirds, their role in ecosystems and their community structure 
Throughout the world, seabirds typically breed in dense colonies (Croxall and Prince 
1980; Marchant and Higgins 1990), usually on offshore islands (Cody 1973; 
Marchant and Higgins 1990; Warham 1990) and often with several other species 
(Cody 1973; Croxall and Prince 1980; Marchant and Higgins 1990).  They are apex 
marine predators which feed on a variety of fish, cephalopod and crustacean prey, 
and in some cases, carrion (Croxall and Prince 1980; Briggs and Chu 1987; Mehlum 
and Gabrielsen 1993; Ridoux 1994).  Seabirds often nest in large abundances, with 
many breeding colonies known to comprise tens of thousands to several hundred 
thousand individuals, and in some cases, well over a million (e.g., Croxall and Prince 
1980; Stephensen and Irons 2003; Brooke 2004a).  Consequently, seabirds are 
responsible for a major proportion of biomass extraction from the world’s oceans 
(Croxall and Prince 1987; Brooke 2004b) and play a pivotal role in marine 
trophodynamics.  For example, seabirds breeding at South Georgia in the Southern 
Ocean consume an estimated 7.82 million tonnes of marine prey annually (Croxall 
and Prince 1987) while in the north Atlantic, an annual consumption rate of 11 
million tonnes has been estimated (Barrett et al. 2006).  A conservative consumption 
estimate of 69.8 million tonnes per annum by the global population of seabirds has 
been reported (Brooke 2004b). 
As central place foragers during the breeding season, seabirds are restricted in 
foraging range, with many species alternating between short foraging trips to 
maximise chick provisioning rates (Chaurand and Weimerskirch 1994; 
Weimerskirch et al. 1994; Weimerskirch 1998), thereby increasing chick growth and 
survival (Weimerskirch et al. 1993), and long trips to replenish body condition 
(Chaurand and Weimerskirch 1994; Weimerskirch et al. 1994; Weimerskirch 1998).  
The distance travelled during foraging trips is highly variable, with some species, 
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such as albatrosses, known to travel well over 1500 km from the colony (e.g., 
Weimerskirch et al. 1993; Phillips et al. 2005), while others, such as gulls, terns and 
shags, forage locally near breeding colonies (< 20 km from colonies: e.g., Fasola and 
Bogliani 1990; Wanless et al. 1991).  At the completion of the breeding season, 
many species migrate away from breeding colonies (Warham 1996).   
Seabirds feed in a temporally and spatially heterogeneous environment 
(Weimerskirch 2007).  This is believed to shape their life history parameters 
(Ricklefs 1990), with seabirds generally long-lived with low reproductive rates 
(Warham 1990; Baker et al. 2002).  As K-selected species, they display distinctive 
short- and long-term responses to environmental perturbations at a range of spatial 
scales.  These include changes in breeding phenology (Cullen et al. 2009) and 
success (Sydeman et al. 2001), as well as distributional shifts and changes in 
population size (Croxall et al. 2002; Chambers et al. 2005).  For example, 
reproductive success and body condition in Galápagos penguins (Spheniscus 
mendiculus) declined in El Niño years, presumably due to reduced prey availability 
with warmer sea surface temperatures, and in some El Niño years, all breeding 
attempts failed (Boersma 1978).  As they are responsive to environmental change at 
various scales, seabirds are considered appropriate indicators of the effects of global 
climate change on marine ecosystems (Diamond and Devlin 2003). 
In addition to having a major influence on marine ecosystems, seabirds are 
important engineers of the terrestrial ecosystems on the islands where their breeding 
colonies are located (Warham 1996).  They influence island habitats through the 
mechanical effects of their burrowing, trampling and pruning activities, and by 
importing high concentrations of marine-derived nutrients to island systems, thereby 
altering the chemical status of the soil profile (Smith et al. 2011).  These activities 
have a significant impact on the species richness, composition and biomass of island 
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flora and fauna communities (Polis and Hurd 1996; Anderson and Polis 1999; Ellis 
2005; Kolb et al. 2011; Mulder et al. 2011).  The pivotal role of seabirds as island 
system engineers is highlighted by the importance of seabird islands as some of the 
last refuges for non-seabird species which are threatened on the mainland but persist 
on islands (e.g., Sale et al. 2006). 
Community structure is driven by a range of oceanographic factors and life 
history traits.  In the marine environment, community structure is influenced by 
marine productivity (Hyrenbach et al. 2007), prey distribution and availability 
(Abrams and Griffiths 1981), proximity to foraging areas (Kaiser and Forbes 1992b; 
Warham 1996), hinterland size (Cairns 1989) and anthropogenic influences on prey 
stocks and seabird mortality through incidental by-catch in fisheries (Furness 2003).  
However, seasonal migration, feeding guild (Abrams and Griffiths 1981), and 
nesting habitat availability and quality are also known to be influential factors 
(Warham 1990; Warham 1996).   
Community structure is also affected by interactions between individuals.  For 
example, the presence of conspecifics at a breeding site can act as a signal of the 
suitability of the site for breeding (Danchin et al. 1998; Suryan and Irons 2001), 
while nesting in large colonies may dilute the risk of predation (Suryan and Irons 
2001) or enable individuals to exchange information about productive foraging zone 
locations (Ward and Zahavi 1973).  However, nesting in large colonies can also 
result in competition which may ultimately regulate colony size through density-
dependent effects on nesting site (Svärdson 1949) and prey availability (Ashmole 
1963; Birt et al. 1987).  Such competition can also occur between species, with inter-
specific competition for appropriate breeding habitat (Ramos et al. 1997) and prey 
resources (Warham 1996) potentially playing a role in structuring seabird 
communities.  In extreme cases, if different species occupy the same ecological 
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niche, this may ultimately lead to the competitive exclusion of a species from a 
region (Hardin 1960).  Consequently, sympatric species differ in their resource use, 
thereby reducing inter-specific competition (Schoener 1974).  This can occur in one 
or several dimensions, with coexisting species known to diverge in their use of 
breeding sites (Schramm 1986), temporal patterns of activity (Waugh and 
Weimerskirch 2003; Phillips et al. 2008), foraging location (Waugh et al. 1999; 
Waugh and Weimerskirch 2003; González-Solís et al. 2008; Davies et al. 2009) and 
behaviour (Phillips et al. 2008), and/or diet (Croxall and Prince 1980; Harrison et al. 
1983; Ridoux 1994; Surman and Wooller 2003).     
Large concentrations of seabirds are known to occur in areas of high marine 
productivity (Hunt Jr. and Schneider 1987; Warham 1996; Hyrenbach et al. 2007).  
For example, seabird diversity and abundance may be elevated in productive oceanic 
frontal zones and zones of upwelling (Hunt Jr. and Schneider 1987), such as the 
Benguela (Summerhayes et al. 1972) and California Current systems (Briggs and 
Chu 1987).  Likewise, the distribution of breeding colonies may be, at least in part, 
related to oceanographic conditions.  Indeed, seabird colonies have been shown to 
preferentially occur on islands in areas of greater marine productivity, presumably 
due to a corresponding reduction in energy expenditure of foraging seabirds and 
greater post-fledging survival (Kaiser and Forbes 1992a).  However, the distribution 
of suitable areas for nesting also influences seabird colony distributions (Warham 
1990; Warham 1996).  These are influenced by a variety of factors, such as the 
biological and physical characteristics of a site (Schramm 1986; Warham 1996; 
Lawton et al. 2006) and inter-specific competition (Schramm 1986). 
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Bass Strait, south-eastern Australia: a marine hotspot?  
The south-east marine region of Australia, in particular, Bass Strait and its 
approaches, is an important area for marine fauna.  The broad, shallow continental 
shelf area between Australia’s mainland and Tasmania supports almost 61 % of the 
total abundance of seabirds that breed along Australia’s coast, with 18 species 
comprising over 20.5 million individuals estimated to occupy the region (Ross et al. 
2001, Fig. 1.1).  Its waters are also exploited by non-breeding seabirds throughout 
the year (Emison et al. 1987; Marchant and Higgins 1990; Barrett et al. 2003) as well 
as a variety of marine mammals such as cetaceans (McManus et al. 1984; Bannister 
et al. 1996) and fur seals (Kirkwood et al. 2005; Kirkwood et al. 2009).  
Despite its importance for marine fauna in Australia, Bass Strait is considered a 
region of low marine primary productivity (Gibbs et al. 1986; Gibbs et al. 1991; 
Gibbs 1992).  It occurs at the confluence of three major ocean currents (Fig. 1.1).  
The East Australian Current (EAC) flows southwards along the eastern edge of Bass 
Strait (Ridgeway and Condie 2004; Sandery and Kämpf 2007), resulting in the 
intrusion of warm, nutrient-poor waters into north-eastern Bass Strait (Gibbs 1992).  
The South Australian Current (SAC) is a seasonally variable current which advects 
warm water from the west onto the Bass Strait shelf, and is the major source of Bass 
Strait water (Cirano and Middleton 2004; Sandery and Kämpf 2005; Sandery and 
Kämpf 2007).  Finally, upwelling of cold, nutrient-rich Sub-Antarctic Surface Water 
(SASW) from the south (Gibbs 1992) mixes with the EAC and SAC in the east and 
west, respectively (Prince 2001).  This is the major source of productivity in Bass 
Strait (Neira 2005; Ward et al. 2006).  The relative prevalence of these ocean 
currents varies seasonally and inter-annually (Prince 2001; Sandery and Kämpf 
2005), and this is known to influence the abundance and community composition of  
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Fig. 1.1. Simplified presentation of main ocean currents (adapted from Sandery and 
Kämpf 2005) and broad distribution of seabirds around Australia (Ross et al. 2001). 
SAC: South Australian Current, SASW: Sub-Antarctic Surface Water, EAC: East 
Australian Current.
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zooplankton (Harris et al. 1991; Young et al. 1993).  This, in turn, appears to 
influence parameters such as survivorship (Skira 1986; Oka et al. 1987; Chambers et 
al. 2011), reproductive success (Oka et al. 1987; Mickelson et al. 1992; Chambers et 
al. 2011) and breeding phenology of seabirds (Cullen et al. 2009; Chambers et al. 
2011). 
Climate change is predicted to have a considerable impact on the oceanography 
of Bass Strait, potentially weakening the SAC (Feng et al. 2012) and increasing the 
strength of the EAC, resulting in increased water temperatures along the path of its 
strengthening (Cai et al. 2005).  Indeed, sea surface temperature around the coast of 
Australia has shown an increasing trend (Fig. 1.2).  Given the influence of ocean 
currents on prey availability, this is likely to have a profound effect on seabirds.  In 
other parts of the world, seabirds have shown differential responses to shifts in ocean 
regimes with climate change.  Seabirds that feed over slope and shelf waters in the 
California Current System, for example, have shown considerable declines in 
response to warming ocean temperatures (up to 90 %: Veit et al. 1996; Veit et al. 
1997), while seabirds feeding offshore have increased (Veit et al. 1996).  The 
declines are presumably associated with a reduction in the availability of prey (Veit 
et al. 1997).  Reproductive success and diet of seabirds in this region have also  
varied with climatic parameters and their effects on prey availability (Ainley et al. 
1994; Ainley et al. 1995).  If climate change causes a decrease in prey availability  
for seabirds, it could also indirectly intensify competition for prey between seabird 
species in Bass Strait.  
In south-eastern Australia, changes to terrestrial breeding habitat due to climate 
change are also predicted (Chambers et al. 2011; Dann and Chambers in review).  
These include reduced area available for breeding due to sea-level rise (Chambers et 
al. 2011; Dann and Chambers in review); altered vegetation composition and  
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Fig. 1.2. Linear trends in annual mean Australian sea surface temperatures in 1950 – 
2011 (ºC/10 yrs).  Source: Australian Bureau of Meteorology (http://www. bom.gov. 
au/cgi-bin/climate/change/trendmaps.cgi?map=sst&area= aus&season 
=0112&period =1950).  
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distribution as a consequence of increased salt spray (e.g., Barbour 1978), warmer, 
drier conditions and modified fire regimes predicted for the region (Hughes 2003); 
and changes in soil profile and run off patterns due to a loss of vegetation which 
plays an important role in stabilising soil (Wolfe and Nickling 1993).  Such changes 
are likely to significantly impact the quality of seabird breeding habitat and may have 
important implications for the distribution, abundance, reproductive success and 
long-term persistence of seabird populations.  These effects may be compounded by 
an increase in inter-specific competition for nesting sites.  However, little is known 
of the factors that drive the location of nesting sites, with no quantitative research on 
the nesting habitat used by seabirds in the region.  This information is necessary to 
understand the potential impact of climate-mediated changes to nesting habitat on 
seabird populations. 
Changes in seabird abundance are likely to have a major effect on marine 
ecosystems.  For example, a 20 % and 113 – 341 % increase in macaroni (Eudyptes 
chrysolophus) and king penguins (Aptenodytes patagonicus) on subantarctic Crozet 
and Kerguelen islands, respectively, resulted in a predicted total increase in biomass 
consumption of 45 and 40 % on the two archipelagos, respectively (Guinet et al. 
1996).  Furthermore, seabird population changes have been linked to altered island 
ecosystems.  In the Aleutian archipelago, for example, soil and plants on islands 
where seabird populations have been depressed by foxes were depleted in nutrients 
compared to islands without foxes (Maron et al. 2006).  Correspondingly, plant 
biomass and species richness were greater, and δ15N values in soil, plants and 
consumers more enriched, on fox-free islands compared to islands with foxes, while 
plant community composition differed (Maron et al. 2006).  Therefore, any changes 
to seabird numbers may also have major impacts on island systems.    
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In order to predict the population responses of seabirds to changes in foraging 
conditions and breeding habitat characteristics, as well as the potential for 
competition between species, information on seabird trophic relationships, 
population distribution and abundance, and terrestrial habitat use is required.  
However, little trophic information exists for most seabird species in Bass Strait, 
with the diets of only some species described and little information on how seabird 
diets vary spatially and temporally.  Likewise, seabird abundance data in Bass Strait 
are largely limited to coarse estimates, and in some locations, estimates of several 
species have not been made.  Furthermore, the nesting habitat used by seabirds in the 
region has not been quantified, with only broad, qualitative descriptions of the 
nesting sites used by seabirds provided (e.g., Harris and Norman 1981; Norman et al. 
1996; Brothers et al. 2001). 
 
Research objectives, study sites and thesis structure 
The general objective of this study was to examine community niche separation in a 
burrowing seabird assemblage in northern Bass Strait.  Specifically, the study aimed 
to: 1) determine the nesting distribution and abundance of burrowing seabirds; 2) 
identify the characteristics of breeding habitat used by burrowing seabirds; 3) 
examine the diets of the key burrowing seabird species in the region; and 4) develop 
a preliminary biomass consumption model of the burrowing seabirds.  The study was 
conducted on islands in northern Bass Strait including Lady Julia Percy Island in 
north-western Bass Strait, 15 offshore islands around Wilsons Promontory in north-
central Bass Strait, and Gabo Island in north-eastern Bass Strait.   
The thesis is structured with the central chapters reporting on individual studies 
which have been submitted for publication.  Chapter 2 examines how survey effort 
can be optimised using short-tailed shearwaters and little penguins on four islands in 
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north-central Bass Strait as case studies.  The data from a subsample of transects and 
quadrats were compared to the maximum effort estimate to determine the impact of 
systematic reductions in survey effort on the accuracy and precision of abundance 
estimates using bootstrapping and simulation techniques. 
Chapter 3 presents results from the first complete survey of burrowing seabirds 
on islands in north-central Bass Strait.  The potential factors underlying seabird 
abundance and distribution are discussed and seasonal differences in abundance 
explored.  Chapter 4 models breeding habitat use of the various seabird species 
discovered on the islands using a generalised additive mixed modelling (GAMM) 
approach.  This information enabled the adaptive reasons behind the observed 
seabird-habitat associations to be explored. 
Chapter 5 describes the diet of the four key burrowing seabird species in the 
region.  This is conducted using two complementary methods: the water offloading 
technique, based purely on diet samples collected in north-central Bass Strait, and 
analyses of stable isotope signatures of whole blood of seabirds, collected from all 
three regions where resident.  This information is combined in mixing models to 
assess the importance of key prey species to blood isotopic signatures, and explore 
temporal and geographic variation in the contribution of these prey taxa to the diet.  
A discussion of trophic niche separation is presented. 
The General Discussion (Chapter 6) places the findings of chapters 2 – 5 in the 
context of niche separation in light of the potential for climate change to effect 
reductions in breeding habitat and prey availability, and presents an overall biomass 
consumption estimate of the seabird species in the region.  
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CHAPTER 2  
OPTIMISING SURVEY EFFORT FOR BURROW-NESTING 
SEABIRDS 
 
 
 
 
Short-tailed shearwater, Kanowna Island, January 2010 
 
         
A version of this chapter has been submitted for publication as: Schumann, N., Dann, 
P., Hoskins, A. J., and Arnould, J. P. Y. (in review). Optimising survey effort for 
burrow-nesting seabirds. Journal of Field Ornithology. 
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Abstract: Regular monitoring of seabird populations is required to improve 
understandings of their population responses to environmental change and inform 
conservation management.  However, given the difficulty in accessing remote 
breeding sites and the limited resources typically available to land managers, it is 
rarely feasible to perform regular, extensive surveys of seabird populations.  The 
present study determined the minimum survey effort required to obtain accurate and 
precise population estimates of short-tailed shearwaters (Ardenna tenuirostris) and 
little penguins (Eudyptula minor), two abundant burrowing seabird species in south-
eastern Australia, by comparing bootstrapped means and confidence intervals under 
different sampling regimes.  This approach suggested that in many cases, survey 
effort (the proportion of transects and quadrats along transects) could be reduced.  
Differences in required survey effort between the two species may be due to 
differences in burrow distribution on islands, island-specific characteristics, and 
seasonal variations in seabird abundance.  Stratified sampling did not increase survey 
accuracy and simulations showed that large reductions in survey effort could be 
made under a pseudo-random sampling regime.  This would maximise survey 
efficiency since considerably fewer quadrats would be required and allow the 
development of more efficient sampling protocols and regimes.   
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Introduction 
Seabirds are major extractors of marine biomass throughout the world (Brooke 
2004).  In particular, burrowing seabirds represent a significant proportion of seabird 
biomass (Appendix 1 in Schreiber and Burger 2002).  Consequently, they play an 
important role in marine tropho-dynamics.  Seabirds display distinctive short- and 
long-term responses to environmental perturbations and are, therefore, considered 
appropriate indicators of the effects of global climate change on marine ecosystems 
(Diamond and Devlin 2003).  They also play a pivotal role in island ecosystem 
function through the deposition of nutrients in their guano to island soils and through 
the physical effects of their burrowing habits (Warham 1996; Smith et al. 2011).  
Therefore, changes in seabird abundance may have significant impacts on island 
ecosystems.   
Globally, seabirds are threatened by a variety of processes (Croxall et al. 
2012), including climate change (Barbraud et al. 2012).  To improve our 
understanding of seabird population responses to environmental change and take 
appropriate conservation action in response to changes in seabird abundance, 
knowledge of seabird population status and trends is essential.  Indeed, Croxall et al. 
(2012) stressed the urgency of increasing and improving coordinated monitoring 
programs of seabirds globally.   
A variety of methods are used to estimate the abundance of burrowing seabirds 
at the nesting site (Walsh et al. 1995; Steinkamp et al. 2003).  These include surface 
counts of attending birds (e.g., Renner et al. 2011), mark-recapture modelling (e.g., 
Sutherland and Dann 2012), predictive habitat modelling (e.g., Rayner et al. 2007a), 
direct counts (e.g., Schultz et al. 2005), and evidence of seabirds as a relative index 
of seabird density (e.g., Renner et al. 2006).  In particular, simple extrapolation of 
burrow densities along line transects (e.g., Schramm 1986, Lawton et al. 2006), in 
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random quadrats, stratified by habitat (Cuthbert 2004), or determined using distance 
sampling techniques (e.g., Lawton et al. 2006), to the total available area of habitat is 
commonly used to estimate seabird abundance.   
These surveys can be time consuming and labour intensive, and colonies 
typically occur on remote, offshore islands (Warham 1990) that may be difficult and 
expensive to access.  Burrowing or crevice-nesting seabirds are particularly 
problematic because, unlike many surface-nesting species, they cannot be viewed 
from a distance and are typically nocturnal on land.  In addition, some island systems 
are difficult to traverse without causing extensive damage to burrows in friable soils.  
Therefore, to reduce burrow damage, study designs limiting the area covered on foot 
are important.  Also, land managers are constrained by time and funding (e.g., Nisbet 
1989), and appropriate boating conditions are often limited in time.  Consequently, it 
is rarely feasible to undertake regular, extensive surveys to monitor seabird 
populations, and it may be necessary to survey several islands in a short period of 
time.  Surveys of burrowing seabirds should, therefore, aim to capture any significant 
changes in abundance using the minimum survey effort required to obtain accurate 
and precise estimates.  
Several studies have explored the relationship between survey effort and 
sensitivity of surveys of surface-nesting seabirds (e.g., Wanless et al. 1982; Hatch 
and Hatch 1989; Anker-Nilssen et al. 1996; Sims et al. 2006).  However, 
investigations of this relationship in burrowing or crevice-nesting seabirds have been 
limited to the ability to detect trends given fixed population trajectory scenarios 
based on attending birds at the surface (Harding et al. 2005; Sheffield et al. 2006; 
Renner et al. 2011).  Although McKechnie et al. (2009) used burrow densities to 
explore the precision of different levels of survey effort to detect a given population 
growth rate, literature searches revealed no studies that investigate the influence of 
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systematic reductions in survey effort on both accuracy and precision of abundance 
estimates based on burrow densities of burrow-nesting seabirds.  This information is 
particularly important in regions where repeat measures of abundance are lacking, 
and has value for land managers throughout the world, enabling them to design 
surveys of burrowing seabirds that maximise efficiency.  This could potentially 
promote the establishment of ongoing monitoring programs globally.  
Wilsons Promontory, south-eastern Australia, is an area surrounded by 
multiple islands of varying size.  Although a complete survey of seabirds on these 
islands has not been conducted, Harris and Norman (1981) surveyed most of the 
breeding populations on the islands and estimated numbers of short-tailed 
shearwaters (Ardenna tenuirostris) and on some islands, little penguins (Eudyptula 
minor), two of the most abundant seabird species breeding in Australia (Ross et al. 
2001).   
The aims of the present study were to investigate the effects of reducing 
sampling effort on the accuracy and precision of abundance estimates relative to 
estimates generated from complete surveys of short-tailed shearwaters and little 
penguins in south-eastern Australia.   
 
Methods 
Study sites and field procedures 
To investigate the effects of a reduction in survey effort on the accuracy and 
precision of little penguin and short-tailed shearwater surveys, abundance estimates 
under different levels of survey effort were compared on four islands, selected for 
comparison because they differ in size and vegetative complexity (Table 2.1).  
Abundance estimates refer to the number of breeding pairs on the islands, calculated 
by applying mean burrow density to the total suitable nesting areas on the islands.  
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These were defined as areas covered by vegetation or where boulders and rocks 
create cavities to breed in.  Rabbit (38°55’S, 146°31’E), Kanowna (39°10’S, 
148°16’E), Notch (38°56’S, 146°37’E) and Cliffy Islands (38°57’S, 146°42’E, 
hereafter referred to as RI, KI, NI and CI, respectively), occur in north-central Bass 
Strait, south-eastern Australia (Fig. 2.1).  RI and KI are larger islands, with suitable 
nesting areas of 25 and 20 ha, respectively,  and CI and NI are smaller, with nesting 
areas of 4 and 5.5 ha, respectively (calculated in ArcMap GIS version 9.2: 
Environmental Systems Research Institute, Inc., Redlands, CA, Table 2.1).  The 
vegetation and physical characteristics of these islands are typical of most islands in 
the region which range from simple systems dominated by tussock grasses to more 
complex systems composed of a mosaic of different vegetation types.  The four 
islands investigated in the present study vary substantially, supporting an array of 
vegetation types of varying complexities, with RI and CI supporting more complex 
vegetation communities, though all islands are dominated by a single vegetation 
community (Table 2.1, Gillham 1962; Norman et al. 2010).  On RI, KI and NI, the 
dominant vegetation type comprises tussock grassland, which represents 88 – 94 % 
of vegetation, whereas on CI, the dominant vegetation comprises scrubland (58 %), 
dominated by introduced Mirrorbush (Coprosma repens) (Table 2.1).  A further 26 
% consists of tussock grassland and introduced grasses on this island. 
The comparisons in the present study were based on surveys conducted in late 
spring – summer which corresponds to the breeding periods of both species, and for 
little penguins, the optimal time of year to estimate population size (Sutherland and 
Dann 2012).  RI and CI were surveyed in December 2008, NI in January 2009, and 
KI in late November – early December 2009.  Surveys were conducted over periods 
of 4 – 10 days per island and involved field crews of 3 – 4 people.   
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Rabbit Island
Notch Island Cliffy Island
Kanowna Island
 
Fig. 2.1. Location of islands used for comparison of the effects of different levels of survey 
effort. 
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Table 2.1. Vegetation types, original number of transects and quadrats, and the proportion of the total habitat area covered in the full survey.  Values in 
parentheses represent the proportion of habitat comprising each EVC. 
Island Breeding 
habitat area 
(ha) 
Dominant vegetation  Subdominant vegetation 
 
Number of 
transects  
Number of 
quadrats 
Proportion 
surveyed 
RI 25 Coastal tussock grassland (88 
%) dominated by Poa poiformis 
Coastal scrubland (9 %), mainly Acacia sp. and 
Austral bracken (Pteridium esculentum); coastal 
shrubland (3%), mainly seaberry saltbush 
(Rhagodia candolleana) 
 
8 184 1.4 % 
KI 20 Coastal tussock grassland (90 
%) dominated by Poa poiformis 
 
Bird colony shrubland (10 %) dominated by 
coastal teatree (Leptospermum laevigatum), 
rounded noon-flower (Disphyma crassifolium) 
and pigface (Carpobrotus rossii) herbfields 
 
7 102 1.0 % 
NI 5.5 Coastal tussock grassland (94 
%) dominated by Poa poiformis 
D. crassifolium herbfields (6 %) 10 104 4.0 % 
CI 4 Mirrorbush (Coprosma repens) 
scrubland (58 %) 
 
Coastal tussock grassland and introduced grasses 
(26 %); tussock grassland and herbfields mosaic 
(8 %); rounded noon-flower and beaded glasswort 
(Sarcocornia quinqueflora) herbfields (8 %) 
5 78 3.9 % 
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Transects were placed at regular intervals perpendicular to the prevailing 
longitudinal direction of the islands (Fig. 2.2).  In order to ensure that sample sizes 
were sufficient to obtain meaningful data on the smaller islands, transect intervals 
varied according to island size.  Thus, transects were placed at 50 m intervals on 
islands smaller than 20 ha and 100 m intervals on islands between 20 and 40 ha, and 
ranged in number between five on CI and ten on NI.  Eight and seven transects were 
placed on RI and KI, respectively.  The first transect was selected randomly using the 
Random Point Generator v1.3 extension (Jenness 2005) in ArcView (v3.3, ESRI 
Corporation, Redlands, USA).  Burrows of little penguins and short-tailed 
shearwaters were counted in 4 x 5 m quadrats placed systematically at 5-m intervals 
along parallel transects to sample all habitat types (Fig. 2.2).  Quadrats were 
delineated with a 4 m rope, marked in the middle with a piece of tape.  Burrow 
counters held the rope over the ground with the centre of the rope in line with the 
transect line, and moved forwards for 5 m, counting and checking all burrow 
entrances within the area under the rope.  Using this method, the coverage achieved 
was approximately 1.4, 1.0, 4.0 and 3.9 % of the area of suitable habitat on RI, KI, 
NI and CI, respectively (Table 2.1).  
Only active burrows, those showing clear evidence of recent activity 
(excrement, fresh diggings, feathers, egg shells, or the presence of adults, eggs, or 
chicks), in quadrats were counted.  Each burrow was checked for the presence of 
eggs, chicks, and adults manually.  Where burrows were too long to reach the end, it 
was often possible to determine that adults were present on the basis of calls or 
movement within burrows.  Burrows of the two species could be distinguished by 
burrow dimensions (e.g., entrance diameter, tunnel shape, depth, and length, 
Schramm 1986; Fullagar and Heyligers 1992; Ramos et al. 1997), evidence of 
activity (e.g., colour of faecal matter, feathers, and odour, Fullagar and Heyligers  
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Fig. 2.2. The arrangement of (a) transects (1 – 8) and (b) quadrats along transects on Rabbit Island.   
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1992), and by the presence of birds, eggs or chicks.  Burrows with more than one 
entrance were classified as a single burrow (Skira et al. 1996; Cuthbert 2004).   
Not all short-tailed shearwater burrows are used in each breeding period (Skira 
and Wapstra 1980) so abundance estimates of short-tailed shearwaters were adjusted 
for occupancy rates, determined by calculating the ratio of breeding burrows (i.e., 
burrows containing adults, eggs, or chicks, and those with recent signs of occupation, 
but with undetermined contents) to burrows that did not contain adults, eggs or 
chicks.  Because surveys were conducted during or after peak egg-laying, it is 
unlikely that non-breeding burrows were included in final estimates.   
 
Analysis 
To estimate abundance of little penguins and short-tailed shearwaters, the mean 
density of burrows in all quadrats combined was multiplied by the estimated 
available nesting area of each island.  However, because seabirds may nest in 
particular habitat types, this measure of abundance does not account for possible 
differences in densities between different habitats.  Therefore, a second abundance 
estimate was generated for each island by applying the mean burrow density in 
quadrats, weighted by the proportion of each Ecological Vegetation Class (EVC), to 
the estimated nesting area (producing a pseudo-stratified sampling regime).  EVCs 
are vegetation classes from a classification system used by the Victorian Government 
land management agency based on floristics, structure, and environmental and 
ecological attributes (details in Davies et al. 2002).  The two measures of abundance 
estimates were then compared by performing paired t-tests in the R statistical 
environment, version 2.12.2 (R Development Core Team 2011).   
To determine if survey effort could be reduced by decreasing the number of 
transects by approximately 50 and 75 %, transects were sub-sampled and density 
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data from these sub-samples bootstrapped with replacement.  On each island, the first 
transect surveyed was used as the starting point and then transects were sub-sampled 
by increasing the interval between transects.  The three treatments comprised data in 
all transects (100 % survey effort), every second transect (50 % survey effort) and 
every fifth transect (25 % survey effort) (Fig. 2.2).  Using this method, the number of 
transects included in treatments ranged between all transects (N = 5, 7, 8 and 10 for 
CI, KI, RI and NI, respectively) and two transects.  Data for each treatment were then 
bootstrapped 1000 times for each island using the boot package v1.2-43 (Davison 
and Hinkley 1997; Canty and Ripley 2010) in the R environment, and means and 
bias-corrected confidence intervals of the distribution of these means for each 
treatment calculated. 
To determine if the number of quadrats could be reduced to 50 and 25 % of the 
maximum survey effort and still generate accurate and precise abundance estimates, 
quadrats were sub-sampled and bootstrapped with replacement.  As with transects, 
quadrats were sub-sampled by increasing the interval between quadrats using the first 
quadrat surveyed on each transect as the starting point.  Thus, density data used in 
treatments ranged between data from all quadrats and data from every fifth quadrat.  
As with transects, data included in each treatment were bootstrapped 1000 times, and 
means and bias-corrected confidence intervals of the distribution of means for each 
treatment calculated.  The grand means and confidence intervals from the 
bootstrapped samples for both transects and quadrats were then compared 
graphically by plotting the proportional difference in grand means and confidence 
intervals with decreasing survey effort.   
Because the islands varied in area, different numbers of transects and quadrats 
were placed on each island according to island size and shape to ensure sufficient 
sample sizes on the smaller islands, and consequently, increasing the interval 
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between transects and quadrats resulted in the actual proportion of maximum survey 
effort varying between islands for each level of survey effort.  Therefore, survey 
effort at approximately 50 % resulted in 50 – 60 and 50 – 52 % of all transects and 
quadrats, respectively, being re-sampled.  Reducing survey effort to approximately 
25 % resulted in 25 – 30 and 22 – 24 % of transects and quadrats, respectively, being 
re-sampled. 
To determine if survey effort could be reduced without a loss of accuracy and 
precision under a pseudo-random sampling regime, a series of simulations were 
performed in the R statistical environment where survey data from each island were 
re-sampled without replacement.  Simulations selected a number of quadrats ranging 
from one to the maximum number placed on each island 1000 times for each number 
of quadrats surveyed per island.  This equates to a pseudo-random sampling regime 
whereby quadrats are randomly selected from a grid (based on all transects surveyed) 
on each island.  Densities of seabird burrows in those quadrats included in each 
iteration were then used to calculate means and confidence intervals for each level of 
survey effort.   
 
Results 
Although burrow densities of the two species differed between EVCs on some 
islands (Table 2.2), there were found no significant differences between abundance 
estimates calculated using the mean density of all quadrats and mean density 
weighted by the proportion of EVCs on each island relative to the estimated nesting 
area (short-tailed shearwaters: t3 = 1.0, P = 0.40; little penguins: t3 = 1.4, P = 0.26).  
On average, the difference between these two measures of abundance varied between 
1181 ± 5184 (95% CI, average difference = 12 %) and 53 ± 69 burrows (average 
difference = 7 %) for short-tailed shearwaters and little penguins, respectively.   
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Table 2.2. Bootstrapped abundance estimates at maximum effort with their confidence intervals (in parentheses) and mean densities of burrows in 
different Ecological Vegetation Classes (EVC) on each island. 
Island Abundance of short-
tailed shearwaters 
Abundance of little 
penguins 
Mean number of short-tailed shearwater 
burrows (per m2) in each EVC  
Mean number of little penguin burrows 
(per m2) in each EVC 
RI 82 953 
(76 519 – 89 691) 
3651 
(2487 – 5203) 
Coastal tussock grassland: 0.33 
Coastal shrubland: 0.13 
Coastal scrubland: 0.36 
Coastal tussock grassland: 0.02 
Coastal shrubland: 0 
Coastal scrubland: 0 
 
KI 51 135 
(42 547 – 59 561) 
301 
(0 – 584) 
Coastal tussock grassland: 0.27 
Bird colony shrubland: 0.16 
Coastal tussock grassland: 0.002 
Bird colony shrubland: 0 
 
NI 4926 
(3705 – 6505) 
664 
(398 – 989) 
Coastal tussock grassland: 0.09 
D. crassifolium herbfields: 0.01 
Coastal tussock grassland: 0.01 
D. crassifolium herbfields: 0 
 
CI 1560 
(964 – 2471) 
54 
(0 – 129) 
Mirrorbush scrubland: 0.01 
Coastal tussock grassland: 0.07 
Tussock grassland/herbfield: 0.11 
Noon-flower/glasswort herbfield: 0.03 
Mirrorbush scrubland: 0.001 
Coastal tussock grassland: 0.002 
Tussock grassland/herbfield: 0 
Noon-flower/glasswort herbfield: 0  
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Therefore, all further analyses were based on estimates generated by multiplying 
mean density of all quadrats to the total nesting area on each island. 
 
Altering number of transects  
Abundance estimates of the full survey effort ranged between 1560 – 82 953 and 54 
– 3651 for short-tailed shearwaters and little penguins, respectively, on the four 
islands (Table 2.2).  The effect of reducing the number of transects or quadrats on 
seabird abundance estimates and confidence limits varied between islands and 
species.  For short-tailed shearwaters, reducing the number of transects to 50 and 25 
% of the full survey effort resulted in a maximum difference of 15 % in the 
abundance estimates (Fig. 2.3a).  Confidence intervals, however, increased by up to 
38 % at 50 % survey effort and more than 100 % at 25 % of the full survey effort, 
indicating a general trend of decreasing survey precision with a reduction in survey 
effort (Fig. 2.3b).  For little penguins, the effect of reducing the number of transects 
on means and confidence intervals varied between islands.  Decreasing the number 
of transects to 50 % of the maximum resulted in differences of 7 – 40 % between 
means, and these differences increased when reducing survey effort further (Fig. 
2.4a).  Similarly, confidence intervals also increased with reduced survey effort, 
generally (Fig. 2.4b). 
 
Altering number of quadrats  
A decrease in the number of quadrats sampled tended to result in underestimates of 
short-tailed shearwater numbers, though this did not apply to all islands at both levels 
of reduced survey effort (Fig. 2.5a).  At a survey effort of 50 % of the maximum, all 
means remained within 3 % of the mean at full survey effort.  However, with the 
exception of RI, reducing survey effort further resulted in greater divergence from  
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Fig. 2.3. The proportional difference in means (a) and confidence 
intervals (b) of 1000 bootstrapped abundance estimates of short-tailed 
shearwaters relative to the proportion of transects sampled, where 100 
% is full effort and 25 % is a quarter of the full effort (RI: closed 
triangles, NI: open triangles, CI: closed squares, KI: open squares).  
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Fig. 2.4. The proportional difference in means (a) and confidence intervals 
(b) of 1000 bootstrapped abundance estimates of little penguins relative to 
the proportion of transects sampled, where 100 % is full effort and 25 % is 
a quarter of the full effort (RI: closed triangles, NI: open triangles, CI: 
closed squares, KI: open squares).  
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Fig. 2.5. The proportional difference in means (a) and confidence 
intervals (b) of 1000 bootstrapped abundance estimates of short-tailed 
shearwaters relative to the proportion of quadrats sampled, where 100 
% is full effort and 25 % is a quarter of the full effort (RI: closed 
triangles, NI: open triangles, CI: closed squares, KI: open squares).  
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the full survey effort mean, with a maximum difference of 29 % occurring on CI.  
Confidence intervals showed a similar but overall larger increasing trend with 
decreasing survey effort (Fig. 2.5b).   
For little penguins, decreasing survey effort by 50 % produced differences of 4 
– 34 % between the reduced and maximum survey effort means (Fig. 2.6a).  A 
further reduction to 25 % of the full survey effort resulted in increased divergence 
from the full survey effort means for all islands, with differences of 22 – 180 % at 25 
% survey effort.  As for short-tailed shearwaters, confidence intervals for little 
penguins generally increased as survey effort decreased, indicating a loss of 
precision as survey effort decreased (Fig. 2.6b).   
 
Altering number of quadrats using pseudo-random sampling 
Simulations performed to determine if survey effort could be reduced under a 
pseudo-random sampling regime showed that the survey effort required to obtain 
accurate and precise abundance estimates could be substantially reduced for short-
tailed shearwaters and little penguins (Figs. 2.7 and 2.8).  The effect of reducing 
survey effort on means and confidence intervals of abundance estimates was similar 
for both species (Figs. 2.7 and 2.8).  Means were similar to the full survey estimate at 
most levels of survey effort for most islands and species, with means at the lowest 
level of survey effort differing by a maximum of 13 and 32 % from the full survey 
estimate for short-tailed shearwaters and little penguins, respectively.  This 
difference declined to < 6 % with the addition of a single quadrat for short-tailed 
shearwaters and < 14 % for a survey effort ≥ 4 quadrats for little penguins.  
Confidence intervals differed according to the number of quadrats surveyed, with a 
less intensive survey effort producing greater confidence intervals (Figs. 2.7 and 2.8).  
When compared to the largest confidence intervals produced by simulations (i.e.,  
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Fig. 2.6. The proportional difference in means (a) and confidence intervals (b) 
of 1000 bootstrapped abundance estimates of little penguins relative to the 
proportion of quadrats sampled, where 100 % is full effort and 25 % is a 
quarter of the full effort (RI: closed triangles, NI: open triangles, CI: closed 
squares, KI: open squares).  
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Fig. 2.7. Effect of reducing sample size on mean short-tailed shearwater abundance estimates and 
confidence intervals from 1000 simulated datasets based on randomly selected quadrats. 
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Fig. 2.8. Effect of reducing sample size on mean little penguin abundance estimates and confidence 
intervals from 1000 simulated datasets based on randomly selected quadrats.  
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those at a survey effort of one quadrat), a 50 % reduction in survey effort (39 – 92 
quadrats) produced confidence intervals of 7 – 12 % and 8 – 12 % of the maximum 
for short-tailed shearwaters and little penguins, respectively.  A survey effort of 25 % 
(20 – 46 quadrats) of the maximum survey effort resulted in confidence intervals of 
13 – 21 % of the maximum for both species.  Reducing survey effort to 10 % of 
quadrats (8 – 18 quadrats) produced confidence intervals of 22 – 36 %, and 23 – 36 
% of the maximum for short-tailed shearwaters and little penguins, respectively, 
while only 4 – 5 and 5 quadrats were required for short-tailed shearwaters and little 
penguins, respectively, for confidence intervals to fall below 50 % of the maximum. 
 
Discussion 
Studies on surface-nesting seabird assemblages have shown that existing levels of 
survey effort can usually be reduced (e.g., Wanless et al. 1982; Anker-Nilssen et al. 
1996). The results of the present study suggest that the amount of survey effort 
required to survey burrow-nesting seabirds can often be reduced without a substantial 
loss of accuracy.  For surveys of short-tailed shearwaters, mean abundance estimates 
at 50 % survey effort differed by a maximum of 15 % from the full survey effort 
mean, suggesting that the required number of transects or quadrats can be reduced 
for this species.  Confidence intervals, however, increased when survey effort was 
lowered.  In contrast, little penguin abundance estimates at 50 % survey effort 
differed by up to 40 % from the full survey effort mean.  In addition, accuracy and 
precision differed between islands such that the required survey effort for little 
penguins may vary.   
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Systematically altering number of transects or quadrats  
In the present study, the optimal level of survey effort is considered the minimum 
effort required to make a representative population estimate.  There appear to be no 
studies that have identified an appropriate level of accuracy or precision required for 
burrow-nesting seabirds, and sample size for wildlife surveys using line distance 
sampling has been arbitrarily specified (e.g., Strindberg et al. 2004).  Survey effort is 
typically determined by resource availability and/or logistical constraints (Harris et 
al. 1983; Steinkamp et al. 2003; Gregory et al. 2004).  Therefore, in an attempt to 
establish some empirical basis for seabird surveys, ± 20 % was considered an 
acceptable level of accuracy.  For precision, an increase in confidence intervals of 50 
% was arbitrarily defined as the maximum acceptable difference.  Thus, where the 
differences between reduced and full survey effort means were > 20 %, and 
confidence intervals increased by > 50 %, a higher survey effort was deemed 
appropriate. 
The amount of survey effort needed to meet these requirements varied between 
species and islands.  In most cases, confidence intervals rather than means imposed 
constraints on the minimum number of transects required, though there were some 
anomalies.  The number of transects and quadrats surveyed could be halved on all 
islands for short-tailed shearwaters (equating to transects placed at 200 m intervals 
on RI and KI, and 100 m intervals on NI and CI, and quadrats placed at 20 m 
intervals on all islands).  Further reductions in transects and quadrats typically 
resulted in a significant loss of precision (> 65 % increase in confidence intervals in 
all cases, except quadrats on CI).  For little penguins, the proportion of transects 
could be reduced on KI only, with the remaining islands requiring all transects to be 
surveyed to achieve estimates within ± 20 % and confidence intervals within 50 %.  
This amounts to transect intervals of 100 m and 400 m on RI and KI, respectively, 
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and 50 m on NI and CI.  The proportion of quadrats surveyed could be reduced by 50 
% on RI and CI, with NI and KI requiring all quadrats to be sampled to achieve 
estimates comparable to those at full survey effort.  Further reductions resulted in 
confidence intervals ≥ 124 % of those at full survey effort.  Studies on seabirds 
elsewhere have also shown greater power to detect trends with increased survey 
effort (Hatch and Hatch 1989; Harding et al. 2005; Sheffield et al. 2006; Sims et al. 
2006).    
The difference in required survey effort between species is likely to be, in part, 
a consequence of differences in seabird distributions and habitat use on the islands.  
Preferences towards particular habitat types may result in greater heterogeneity in 
burrow distributions, with previous studies reporting considerable differences in the 
density of petrel burrows between habitat types (Schramm 1986; Lawton et al. 2006; 
Rayner et al. 2007b).  Such variation has been shown to reduce precision in seabird 
surveys and may limit the ability to detect trends (McKechnie et al. 2009).  Burrows 
of short-tailed shearwaters tended to be uniformly distributed on each island, with 
individuals nesting throughout the available habitat area, and burrow densities 
showed far less variation than for little penguins.  In contrast, little penguin burrows 
typically occurred in disjunct patches across the islands, resulting in substantial 
variability in burrow densities between quadrats and transects.  It may, therefore, be 
necessary to place transects and quadrats at shorter intervals when surveying species 
with clustered distributions.  This suggests that seabird monitoring programs must 
account for species distributions and the concomitant effect on precision, with 
greater survey effort required for species with heterogeneous distributions.    
The total number of transects required for accuracy and precision to remain 
within 20 and 50 %, respectively, of those at full survey effort was lower on the two 
larger islands for both species.  Therefore, it suggests that larger islands require 
   
 50 
fewer transects.  For short-tailed shearwaters, this may be due to disproportionately 
larger population sizes on these (Harris and Norman 1981) which could increase 
homogeneity in burrow densities if the islands are at, or near, saturation.  This would 
impose an upper limit on the number of burrows, resulting in densities stabilizing at 
some threshold level.  However, this does not explain the contrast in required survey 
effort for little penguins, with the KI population smaller than the NI population 
(Harris and Norman 1981).  The reasons for inter-island differences in the optimal 
number of transects for little penguins are not clear, but may be a result of island-
specific breeding habitat characteristics that play a greater role in burrow distribution 
and accordingly, variation (Ramos et al. 1997; Lawton et al. 2006).  For example, 
little penguins tended to nest near the ocean, often under boulders, and require 
suitable landing sites and walking paths to access inland areas, with the 
characteristics and distribution of these varying between islands.  This highlights the 
importance of considering habitat preferences when designing surveys of burrow-
nesting seabirds to account for potentially heterogeneous distributions associated 
with discrete habitat requirements.  Indeed, many burrowing petrels nest in particular 
habitats and precision is known to vary between these (Schramm 1986).  Habitat use 
may also be influenced by interactions with other species.  For example, alien 
predators, which have been introduced to islands around the world (Towns et al. 
2011), may contribute to non-uniformity in the data if their effects on seabirds are 
spatially biased. 
The proportion of quadrats required did not follow the same trend; neither 
island size nor vegetative complexity influenced the optimal proportion of quadrats 
that needed to be sampled for surveys of short-tailed shearwaters.  The lack of 
relationship with vegetative complexity is not unexpected given that island-wide 
abundance estimates did not differ significantly from those weighted by EVC.  The 
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dominance of one vegetation class on each island presumably contributes to reduced 
variability in burrow densities.  For little penguin surveys, fewer quadrats were 
required on the more floristically complex islands (RI, CI) suggesting that other 
habitat attributes not considered in the present study (e.g., Rayner et al. 2007a), such 
as terrain and landing site characteristics, are more influential than vegetation class.  
For example, RI is easily accessible to little penguins on all but its eastern slopes and 
provides a gently sloping, easily traversed surface, but on KI, landing sites are 
restricted to a few locations and little penguins are generally forced to climb very 
steep cliffs to reach inland areas.  It is energetically expensive for penguins to walk 
(Pinshow et al. 1977) and while the actual distance travelled by little penguins on the 
two islands is probably similar, the winding paths required to ascend the cliffs on KI 
mean that they tend to concentrate in areas near landing sites.  Little penguins on RI, 
however, can follow a relatively direct route inland, enabling them to disperse over 
greater areas, thereby resulting in reduced variability.   
The little penguin population on RI is greater than that on KI (Harris and 
Norman 1981), and a larger population may contribute to reduced variation between 
quadrats when it results in a greater spread of burrows inland.  CI supports the 
smallest population of little penguins in the region and the reduction in variation 
compared to NI, which is similar-sized but floristically simpler, may result from 
consistently low burrow densities.  These presumably relate to the difficulty of 
access, shallow soils, large proportion of rock and dense vegetation which, in some 
areas, prevents large numbers of individuals from constructing burrows, on this 
island.  The role of island shape cannot be discounted.  For example, NI is relatively 
long and narrow, resulting in fewer quadrats being placed inland.  A reduction in the 
number of quadrats means that little of the inland area is surveyed, potentially 
increasing variability.  Island attributes and their potential effects on burrow density 
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must be considered when determining the appropriate level of survey effort for 
burrowing seabirds.   
Abundance estimates of seabirds may be influenced by factors such as seasonal 
variation in seabird numbers (Rothery et al. 1988; Anker-Nilssen et al. 1996).  Short-
tailed shearwaters have a synchronized breeding season (Marchant and Higgins 
1990; Skira 1991) which contributes to their homogenous densities on islands.  The 
breeding season of little penguins, however, is variable (Mickelson et al. 1992; 
Perriman et al. 2000; Cullen et al. 2009) and prolonged (Reilly and Cullen 1981), 
resulting in considerable variability in the number of breeding little penguins onshore 
throughout the breeding season (Reilly and Cullen 1981; Marchant and Higgins 
1990; Sutherland and Dann 2012).  Although this reduces survey precision, the 
present study coincided with the optimal time of year to survey little penguins 
(Sutherland and Dann 2012).  To ensure that surveys are conducted when the 
maximum number of individuals are breeding, a priori knowledge of the status of the 
breeding period for species with variable breeding seasons is required.   
Varying survey effort between islands may result in different levels of 
accuracy being achieved between islands.  At 50 % survey effort, inter-island 
accuracy in short-tailed shearwater and little penguin abundance estimates differed 
by a maximum of 12 and 34 %, respectively, and confidence intervals differed by as 
much as 34 and 70 %, respectively.  Inter-island comparisons, therefore, may not be 
reliable, particularly for species with patchy distributions.  The principal aim of 
monitoring schemes is to detect population changes (Wooller et al. 1992; Anker-
Nilssen et al. 1996) and most burrowing seabird species are extremely faithful to 
their nesting sites (Warham 1990; Bried and Jouventin 2002).  Consequently, 
temporal variation within islands, rather than spatial differences between them, are 
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more important, and inter-island differences in accuracy and precision are unlikely to 
be of major concern. 
Reducing effort can result in significant gains in time.  More than 10 minutes 
were generally required to thoroughly search and check burrows in each quadrat.  
Therefore, reducing the proportion of transects or quadrats surveyed would result in 
shorter field commitments, allowing more sites to be surveyed in a season.  This 
would reduce the impacts of inter-annual variability in abundance on surveys, and 
decrease labour and logistical costs.  A reduction in effort also reduces the potential 
for investigators to negatively impact colonies.  While the area between quadrats 
must still be traversed when increasing inter-quadrat distance, investigators can walk 
in single file and choose the least invasive route rather than cover an entire 20 m2 
area, thereby reducing any potential negative impacts.   
 
Altering number of quadrats using pseudo-random sampling  
Abundance estimates, calculated by summing abundances within different vegetation 
classes and by applying a single mean density to total habitat area, as well as 
standard errors of these abundance estimates did not differ significantly.  
Consequently, a stratified approach was not deemed necessary for this group of 
islands.  However, each island is dominated by one vegetation class (Table 2.1) 
which would mask the effects of vegetation on burrow densities.  Islands in other 
regions may be structurally or floristically more complex, and a stratified approach 
may, therefore, be more appropriate (e.g., Gregory et al. 2004; Rayner et al. 2007a).   
Simulations demonstrated that a pseudo-random sampling regime is feasible 
for these islands.  Indeed, means were comparable to those generated by the 
maximum number of quadrats at all but the lowest levels of survey effort, and a 
maximum of only 5 quadrats were required for confidence intervals to fall below 50 
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% of the maximum for both species.  Higher levels of precision could be achieved 
with greater survey effort, and it would be reasonable to reduce survey effort to 10 
%.  This also produced relatively small confidence intervals, with reductions of at 
least 64 % of the maximum calculated.  A survey effort of 10 % would require only 8 
– 18 quadrats and could be achieved in a matter of hours rather than the several days 
required using line transect methods.  Consequently, where future surveys lack time 
to undertake a systematic sampling regime, it may be feasible to randomly select 
quadrats from a pre-determined grid.  A conservative approach would indicate that a 
minimum of 18 quadrats be surveyed to obtain accurate and precise population 
estimates for colonies on floristically homogenous islands with suitable nesting areas 
up to 25 ha.   
The relationship between survey effort, and accuracy and precision presented 
here has application for surveys of burrow-nesting seabird assemblages elsewhere, 
providing land managers with a framework to make informed decisions about the 
appropriate survey design for their region.  Sources of variation, particularly the 
distribution of burrow densities on breeding islands, and the influence of habitat 
characteristics and the level of breeding synchrony on these, must be considered 
when designing a sampling regime for burrowing seabirds.  In light of the 
relationship between burrow distribution and sensitivity of abundance estimates, it is 
reasonable to assume that species with uniform burrow distributions (e.g., Imber et 
al. 2003) on relatively floristically simple islands ≤ 25 ha would require similar 
survey effort to that of short-tailed shearwaters to achieve accurate and precise 
estimates.  However, seabirds with discrete habitat associations and patchy 
distributions, as documented in many petrel species elsewhere (Schramm 1986; 
Lawton et al. 2006; Rayner et al. 2007b), may require greater survey effort.  Indeed, 
several islands surveyed in the present study are known to support breeding common 
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diving-petrels (Pelecanoides urinatrix) (Schumann et al. 2008) and fairy prions 
(Pachyptila turtur) which occur in small, discrete colonies, usually on slopes near the 
ocean (Chapter 3).  The results of this study cannot be extrapolated to these, or other 
species with similarly discrete colonies, owing to their clustered distributions.  
Consequently, where funding and logistical constraints allow, line transect methods 
should be performed rather than a pseudo-random sampling regime to minimise the 
risk of missing species with restricted distributions.  Some a priori knowledge of the 
likely burrow distribution would allow managers to establish whether a pseudo-
random sampling regime is appropriate. 
In summary, the present study investigated the effect of reducing survey effort 
on the accuracy and precision of short-tailed shearwater and little penguin abundance 
estimates, and has proposed a means of optimising sampling protocol for these 
species.  Survey effort could be reduced in many cases without substantial loss of 
accuracy and precision in the estimated numbers of burrowing seabirds, though this 
varied between species and islands.  When designing surveys for burrowing seabirds, 
burrow distributions, habitat preferences, site-specific characteristics, and seasonal 
variations in abundance, must be considered.  Where limited resources impose the 
need to dramatically reduce the time spent on islands, the present study has 
demonstrated that stratifying sampling for vegetation type does not improve accuracy 
on moderately floristically simple islands and that it is feasible to randomly select 
quadrats from a pre-determined grid.  Certainly, a pseudo-random sampling regime 
would maximise efficiency since only 18 quadrats would be required to obtain 
relatively precise and accurate population estimates.  This could be achieved in a few 
hours rather than the several days required using systematic sampling techniques.   
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CHAPTER 3 
THE SIGNIFICANCE OF NORTH-CENTRAL BASS STRAIT IN 
SOUTH-EASTERN AUSTRALIA AS SEABIRD HABITAT 
 
 
 
 
Fairy prion, Kanowna Island, August 2009 
 
 
 
  
         
A version of this chapter has been submitted for publication as: Schumann, N., Dann, 
P., and Arnould, J. P. Y. (in review). The significance of north-central Bass Strait in 
south-eastern Australia as seabird habitat. Emu. 
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Abstract: Seabirds play an important role in marine and terrestrial ecosystems but 
are threatened by a variety of anthropogenic processes.  The present study provides 
the first complete estimate of the abundance and distribution of burrowing seabirds 
in a key region for seabirds in south-eastern Australia and a baseline study for future 
monitoring.  The region’s significance as breeding habitat for burrowing seabirds is 
high, supporting an estimated 6 % of short-tailed shearwaters (Ardenna tenuirostris), 
14 % of little penguins (Eudyptula minor), 0.4 % of fairy prions (Pachyptila turtur) 
and 13 % of common diving-petrels (Pelecanoides urinatrix) breeding in Australia.  
The patterns in abundance and distribution are likely to reflect the distribution of 
breeding habitat, predators and the location of productive foraging zones.  While 
little penguins and fairy prions were more abundant before their breeding seasons 
commenced, common diving-petrels were largely absent following their breeding 
season, indicating that they may not be resident in south-eastern Australia.  Long-
term monitoring of seabird abundance is required to determine population responses 
to environmental change.   
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Introduction  
Seabirds are threatened by a variety of anthropogenic processes globally 
(summarised in Croxall et al. 2012).  Key threats include the effects of introduced 
predators at nesting sites on demographic parameters (Towns et al. 2011), accidental 
bycatch in fisheries (Barbraud et al. 2012), marine pollution (e.g., Colabuono et al. 
2010) and climate change (Chambers et al. 2011; Barbraud et al. 2012) which may 
have significant, adverse effects on the marine and terrestrial habitats used by 
seabirds (Grémillet and Boulinier 2009; Chambers et al. 2011).  In order to assess the 
potential impact of anthropogenic threats on seabird populations and take appropriate 
conservation action in response to changes in seabird abundance, information on 
population status and trends is needed.  This requires baseline data on seabird 
abundance and distribution. 
South-eastern Australia supports more than half (54.8 %) the number of seabird 
species breeding in Australia and over 82 % of the total abundance of these (Ross et 
al. 2001).  Bass Strait, the continental shelf area between Tasmania and the 
Australian mainland is host to at least 18 seabird species represented by breeding 
populations of  > 20.5 million individuals and, of these, burrow nesting species 
represent the greatest biomass (Ross et al. 2001).  A key group of islands in Bass 
Strait occurs around Wilsons Promontory, the southern tip of the Australian 
mainland (Fig. 3.1).  Wilsons Promontory presents a physical barrier to the dispersal 
of marine fauna, and a phylogeographic break is known to exist along its eastern 
coast and vicinity (O'Hara and Poore 2000; Hidas et al. 2007; York et al. 2008).  A 
diverse marine fauna at the limits of its range is, therefore, likely to occur (O'Hara 
and Poore 2000; Hidas et al. 2007) and, consequently, the region supports a high 
diversity and density of seabirds (Harris and Norman 1981).   
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Fig. 3.1. Islands where seabird surveys were conducted, north-central Bass Strait, south-
eastern Australia. 
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The effects of climate change on seabirds in the region may be considerable 
(e.g., Dann and Chambers in review).  Therefore, baseline data on the status of 
seabird populations in the region is required to facilitate the establishment of 
monitoring programs for detecting trends in abundance, a fundamental pre-requisite 
for appropriate conservation action.  However, little is known of the distribution and 
population size of seabirds in the region.  Previous studies were conducted > 30 years 
ago and were unable to generate accurate estimates of most species (Gillham 1961; 
Lane 1979; Wainer and Dann 1979; Lane and Battam 1980; Norman et al. 1980; 
Harris and Bode 1981; Lane and Battam 1981, Harris and Norman 1981).  In 
addition, many islands were visited for only < 2.5 h.  Consequently, there is little 
baseline information on seabird distribution and abundance in the region.  Therefore, 
the aim of the present study was to determine the distribution and abundance of 
burrowing seabird species in this key region of Bass Strait.   
 
Methods 
Study area and survey methods 
The study was conducted on the offshore islands of Wilsons Promontory in north-
central Bass Strait, Victoria, south-eastern Australia (Fig. 3.1).  The parent material 
of these islands is coarse-grained granite, with extensive rocky outcrops occurring 
across the islands.  Shallow soils support a variety of vegetation types dominated by 
coastal tussock grassland which forms a mosaic with patches of coastal scrub, 
shrublands and succulent herb fields (Table 3.1, Gillham 1961; Harris 1979; Harris 
and Norman 1981; pers. obs.).  The various islands are occupied by a variety of 
surface- and burrow-nesting seabird species (Harris and Norman 1981), and several 
support populations of Australian (Arctocephalus pusillus doriferus) and New  
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Table 3.1. Island characteristics and survey dates.  Values in parentheses represent the 
estimated area of suitable habitat on each island. 
Island Island  
area (ha) 
Dominant vegetation 
class 
 
Dates surveyed 
Anser 76.9 (65.9) Tussock grassland / 
Lavatera shrubland 
9 – 13 August 2010 
3 – 8 December 2010 
 
Citadel  19.3 (10.1) Scrubland 4 October 2009 
16 December 2009 
 
Cliffy 6.7 (4.0) Scrubland 3 – 6 September 2008 
10 – 17 December 2008 
 
Dannevig 21.2 (11.9) Tussock grassland 16 September 2009 
14 January 2010 
 
Great Glennie 138.6 (117.2) Tussock grassland 11 – 29 August 2009 
1 – 9 December 2009 
 
Kanowna 35.3 (20.1) Tussock grassland 21 July – 9 August 2009 
25 November – 1 December 2009 
 
McHugh 9.5 (5.7) Tussock grassland / 
Scrubland  
5 October 2009 
15 December 2009 
 
Norman 51.5 (32.5) Tussock grassland 28 – 30 July 2010 
16 December 2010 
14 February 2011 
 
Notch 10.0 (5.5) Tussock grassland 4 – 18 August 2008 
5 – 18 January 2009 
 
Rabbit 29.0 (25.4) Tussock grassland 24 August – 3 September 2008 
17 – 23 December 2008 
 
Rabbit Rock  1.4 (0.5) Tussock grassland 6 September 2008 
17 December 2008 
 
Rag 7.4 (3.1) Tussock grassland 24 August 2008 
21 January 2009 
 
Seal 18.7 (13.8) Tussock grassland 18 -24 August 2008 
5 – 10 December 2008 
 
Shellback 37.0 (25.0) Tussock grassland 10 November 2010 
 
 
Wattle 24.5 (20.8) Tussock grassland 11 November 2010 
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Zealand fur seals (A. forsteri) as well as other native mammals such as bush rats 
(Rattus fuscipes) and swamp antechinus (Antechinus minimus) (Harris 1979; Seebeck 
and Menkhorst 2000; Sale et al. 2006; pers. obs.).   
The islands were surveyed in both winter and summer to account for 
differences in the timing of breeding and to assess residency outside breeding 
periods.  Surveys were conducted between July and September, 2008 – 2010 
(considered winter surveys), and November – January in 2008 – 2011 (hereafter 
referred to as summer surveys).  The winter surveys corresponded with the 
incubation period of common diving-petrels (Pelecanoides urinatrix), and the 
summer surveys with the incubation period of short-tailed shearwaters (Ardenna 
tenuirostris) and incubation/chick rearing period of fairy prions (Pachyptila turtur) 
and little penguins (Eudyptula minor), the four dominant species discovered in 
previous surveys of the region (Harris and Norman 1981).  Surveys were timed in an 
attempt to coincide with the incubation/early brooding periods of the various species 
and were largely conducted at the optimal time of year for little penguin surveys 
(Sutherland and Dann 2012).  However, due to logistical constraints (e.g., inclement 
weather/rough seas, boat availability), this was not always possible.  
Islands were surveyed by placing 4 x 5 m quadrats systematically along 
parallel transects.  Quadrats were marked by holding a 4 m rope, marked in the 
middle with a piece of tape, over the ground with the centre of the rope in line with 
the transect line.  Surveyors slowly moved forwards for 5 m, counting and checking 
all burrow entrances which fell within the area under the rope.  In this way, islands 
could be surveyed without the need to peg out each quadrat.  Transects were placed 
perpendicular to the prevailing longitudinal direction of each island at 50 m intervals 
for islands ≤ 20 ha, 100 m intervals for islands >20 – ≤ 40 ha, 150 m intervals for 
islands > 40 – ≤ 60 ha and so on, with the first transect positioned randomly.  
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Quadrats were initially placed at 5 m intervals so that one quadrat was surveyed for 
every 10 m.  However, due to time constraints in the final season, the interval 
between quadrats was necessarily increased to one every 25 m.  Likewise, due to 
logistical and time constraints, quadrats on Wattle, Shellback, Citadel, Dannevig and 
McHugh Islands had to be placed randomly (positions selected using the Random 
Point Generator extension (version 1.3, Jenness 2005) in ArcView (version 3.3, ESRI 
Corporation, Redlands, USA).  This is unlikely to reduce the accuracy of the data 
(Chapter 2).   
All active burrows, defined as those burrows showing clear evidence of recent 
activity (fresh diggings, feathers, egg shells, faecal matter, or the presence of adults, 
eggs and/or chicks) within quadrats were counted (Schramm 1986).  Burrow contents 
were checked by grubbing, a technique whereby an arm is inserted into the burrow to 
check for the presence of eggs, chicks, nesting material or adults.  This was restricted 
to the burrows of larger birds (short-tailed shearwaters, little penguins) since those of 
the smaller species (common diving-petrels and fairy prions) could rarely be 
accessed without causing significant damage to burrows.  The use of a 2 m long, 
custom-built burrowscope (as described in Hamilton 2000) to determine burrow 
occupancy of the two smaller species proved inadequate.  However, where possible, 
night visits to colonies of these species confirmed their activity on the islands during 
each survey period, though it was not possible to determine burrow occupancy rates.  
Consequently, abundance estimates of these species may be over-estimates.  Burrows 
with more than one entrance were classified as one burrow (Skira et al. 1996; 
Cuthbert 2004).   
The species occupying each burrow were identified by burrow dimensions 
(e.g., entrance diameter, tunnel shape, depth and length (Schramm 1986; Fullagar 
and Heyligers 1992; Ramos et al. 1997), evidence of activity (e.g., colour of faecal 
   
 71 
matter, feathers, odour, Fullagar and Heyligers 1992), and by the presence of birds, 
eggs or chicks.  While common diving-petrel and fairy prion burrows can be difficult 
to differentiate on the basis of their dimensions alone, signs of activity allowed an 
accurate assessment of which of the two species occupied each burrow.  The 
appearance (colour, size) of excrement, as well as feathers and the presence of dead 
specimens, enabled positive identification of common diving-petrel and fairy prion 
burrows.  Previous experience indicates that this technique accurately identifies the 
species occupying burrows (P. Dann, pers. obs.).  In some cases, fairy prions nested 
under large boulders which were too deep to determine whether there were one or 
several nesting cavities.  In these cases, it was assumed that only one pair of birds 
used these areas for nesting.  The error associated with this is likely to be small since 
most cavities were of a size suitable for only one breeding pair. 
 
Abundance estimates 
To generate estimates of seabird abundance, the mean density of burrows of each 
species in quadrats was applied to the suitable nesting area of each island.  No 
allowance was made for topography in the present study (Harris and Norman 1981), 
potentially resulting in under-estimates of seabird numbers due to the sloping terrain 
of many of the islands.  Vegetation boundaries were determined using Ecological 
Vegetation Class (EVC) maps provided by Parks Victoria and Google Earth images.  
Statistical analyses were undertaken in the R statistical environment (version 2.12.2, 
R Development Core Team 2011). 
Short-tailed shearwaters access several burrows but breed in only one while 
immature individuals or non-breeders may occupy burrows for short periods early in 
the season before leaving (Skira and Wapstra 1980).  Consequently, not all burrows 
will be occupied by breeding individuals.  Therefore, to avoid over-estimating the 
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abundance of this species on each island, occupancy rates for short-tailed 
shearwaters were estimated on each island by determining the ratio of breeding 
burrows (i.e., burrows containing adults, chicks or eggs, and those deemed active but 
too long to determine contents) to burrows which contained no adults, chicks or eggs.  
Raw abundance estimates were then adjusted for this species according to the 
observed occupancy rate on each island.  Given that most surveys were conducted 
well into the breeding season during or after the peak egg laying period, it is unlikely 
that non-breeding burrows were included in final estimates.  However, it is possible 
that some failures occurred before surveys commenced, potentially resulting in 
underestimates of breeding abundance.  
 
Results 
In total, 15 islands were surveyed between 2008 and 2011 (Table 3.1).  Short-tailed 
shearwaters, little penguins, common diving-petrels and fairy prions were the only 
burrowing seabird species found nesting on the islands.  Breeding colonies of short-
tailed shearwaters and little penguins occurred on all 15 islands but those of common 
diving-petrels and fairy prions were discovered on only 11 and 8 islands, respectively 
(Tables 3.2 and 3.3).  Both species were also heard to vocalise on one additional 
island (Rabbit Island for common diving-petrels and Anser Island for fairy prions) in 
winter, though no signs of burrowing activity were found.   
The most abundant seabird species in the region was the short-tailed 
shearwater with a total population estimate of 755 400 ± 32 400 (SE of the summed 
estimates) pairs for the region including populations on islands surveyed in spring 
only (Table 3.2, Fig. 3.2).  The vast majority of the regional population (87 %) 
occupied islands to the west of Wilsons Promontory, and mean densities were also  
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Table 3.2: Estimated number of seabird burrows on each island in summer.  Values 
in parentheses represent 95 % confidence limits.   
 
Island 
 
Little penguins Short-tailed 
shearwaters 
Fairy 
prions 
Common diving-
petrels 
Anser 3937  
(707 – 7166) 
120 564  
(91 071 – 150 058) 
 
0 0 
Citadel 1577  
(0 – 3537) 
631  
(0 – 1475) 
 
0 0 
Cliffy 52  
(0 - 122) 
1571  
(801 – 2340) 
 
206  
(52 - 360) 
0 
Dannevig 850  
(0 – 1762) 
2832  
(1103 – 4561) 
 
566  
(0 – 1332) 
0 
Great Glennie 4226  
(1883 – 6570) 
262 315  
(227 200 – 297 431) 
 
0 Wing and gull 
pellet with remains 
found  
Kanowna 677  
(66 – 1288) 
53 808 
(44 466 – 63 149) 
 
931  
(82 – 1780) 
0 
McHugh 1854  
(663 – 3044) 
6845  
(3642 – 10 049) 
 
Wing found 0 
Norman 2526  
(514 – 4537) 
86 592  
(56 133 – 117 052) 
 
361  
(0 – 1068) 
0 
Notch  664 
(365 - 963) 
4938  
(3596 – 6281) 
 
53  
(0 - 126) 
0 
Rabbit 3655  
(2288 – 5022) 
82 966  
(76 309 – 89 622)  
 
0 0 
Rabbit Rock 118  
(0 - 252) 
1019  
(245 – 1793) 
 
0 0 
Rag 223  
(0 - 466) 
3488  
(1999 – 4977) 
 
0 0 
Seal 752  
(408 – 1096) 
4103  
(2935 – 5271) 
219  
(0 – 440) 
125  
(3 – 248) 
 
Shellback NA 61 339 * 
(38 723 – 83 954) 
 
NA NA 
Wattle NA 62 370 * 
(43 270 – 81 469) 
 
NA NA 
Total 21 100 755 400 2300 100 
 
 
* Included in summer counts for short-tailed shearwaters 
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Table 3.3: Estimated number of seabird burrows on each island in winter.  
Values in parentheses represent 95 % confidence limits. 
Island Little penguins Fairy prions Common diving-
petrels 
 
Anser 1466  
(0 – 4338) 
Heard only 
 
 
1954  
(83 – 3825) 
Citadel 1739  
(279 – 3199) 
497  
(0 – 1167) 
 
0 
Cliffy 25  
(0 - 74) 
201  
(0 - 381) 
 
25  
(0 - 74) 
Dannevig 1762  
(547 – 2977) 
3084  
(1395 – 4773) 
 
661  
(0 – 1611) 
Great Glennie 5924  
(3258 – 8590) 
0 
 
 
0 
Kanowna 530  
(92 - 967) 
3861  
(1843 – 5878) 
 
227  
(0 - 482) 
McHugh 1766  
(711 – 2821) 
Remains found 
 
 
136  
(0 - 402) 
Norman 532  
(0 – 2430) 
2928  
(2196 – 3659) 
 
1863  
(26 – 3700) 
Notch  2099 
(1502 – 2696) 
 
112 
(0 – 277) 
6080 
(4523 – 7636) 
Rabbit 2426  
(1516 – 3335) 
0 
 
 
Heard only 
Rabbit Rock Present – not counted 0 
 
 
0 
Rag 445  
(16 – 874) 
74  
(0 – 220) 
 
2078  
(976 – 3180) 
Seal 975  
(603 – 1346) 
111  
(3 – 220) 
 
1225  
(678 -1772) 
Shellback 2079  
(0 – 6155) 
1040  
(0 – 3077) 
3119  
(0 – 7507) 
Wattle 3465  
(569 – 6361) 
866  
(0 – 2564) 
1733  
(0 – 4022) 
Total 25 200 12 800 19 100 
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< 0.01
0.01 – 0.05
0.05 – 0.1
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0.2 – 0.3
> 0. 3
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<1000
1000 – 10 000
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STSW
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100 – 500
500 - 1000
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3000 - 5000
LP LP
<0.005
0.005 – 0.01
0.01 – 0.02
0.02 – 0.03
> 0.03
 
Fig. 3.2. Abundance estimates (left) and mean burrow densities per m2 (right) of species discovered 
on the islands in summer (little penguins: LP, short-tailed shearwaters: STSW, and fairy prions: FP).  
Data for Wattle and Shellback Islands are included for short-tailed shearwaters only.  
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higher (0.18 for western and 0.13 for eastern islands).  Major breeding colonies 
occurred on Great Glennie Island, which supported the largest number of short-tailed 
shearwaters, as well as on Rabbit, Anser and Norman Islands (Fig. 3.2).   
A total of 21 500 and 25 200 little penguin burrows were estimated in summer 
and winter, respectively, for the region, and on some islands, larger numbers 
occurred in winter than in summer (Tables 3.2 and 3.3, Figs. 3.2 and 3.3).  
Combining summer estimates with those islands surveyed in spring only, the total 
breeding population estimate for little penguins in the region is 26 700 ± 3500) pairs, 
and 80 % of the population occurred on islands on the western side of the mainland.  
Accordingly, the largest little penguin colony occurred on Great Glennie Island, 
though Rabbit, Anser, Norman, Shellback and Wattle Islands also each supported > 
2000 little penguin burrows (Tables 3.2 and 3.3, Fig. 3.2).  Mean breeding densities 
in summer, however, were similar between the western and eastern islands (0.01 and 
0.01 burrows per m2, respectively).   
A total of 19,100 ± 2,200 Common Diving-petrels burrows were estimated in 
the region (Table 3.3).  While there was little difference in abundance between the 
east and west islands (51 and 49 % occurred to the west and east of the mainland, 
respectively, Fig. 3.3), mean densities were higher on islands to the east than those to 
the west (0.03 and 0.004 burrows per m2, respectively).  Notch, Rag and Shellback 
Islands were the most significant islands for Common Diving-petrels in the region.  
The sole island for which common diving-petrels were recorded in summer was Seal 
Island, with an estimated 125 burrows (Table 3.2).   
Fairy prion burrows were frequently encountered in greater numbers in winter 
than in summer (12 800 and 2300 estimated active burrows in winter and summer, 
respectively: Tables 3.2 and 3.3) and were occasionally recorded in winter only (Rag 
and Citadel Islands).  Since the onset of breeding occurs in mid – late Spring in this 
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Fig. 3.3. Abundance estimates (left) and mean burrow densities per m2 (right) of species found 
on the islands in winter (little penguins: LP, fairy prions: FP, and common diving-petrels: CDP).   
   
 78 
species (Marchant and Higgins 1990), winter occurrences of these individuals are 
unlikely to represent breeding birds, though it was not possible to confirm this.  
Therefore, the estimate of the breeding population calculated from summer/spring 
surveys was deemed the more accurate.  Fairy prions occurred in much lower 
numbers than the other species, with population estimates of 4200 ± 2700 including 
those islands surveyed in spring only (Tables 3.2 and 3.3).  The low level of 
precision for this species is presumably due to heterogeneous burrow distributions 
and lower detection probabilities.  The greatest proportion of breeding fairy prions 
(89 %) nested on islands to the west of the mainland (Fig. 3.2), where densities were 
higher than on islands to the east of the mainland (0.002 and 0.001 burrows per m2, 
respectively).  Correspondingly, Shellback, Kanowna and Wattle Islands supported 
the largest number of fairy prions.   
 
Discussion  
Seabirds are threatened by a variety of processes, including climate change (Croxall 
et al. 2012), and information on the distribution and abundance of seabirds is 
important for the future detection of trends and timely conservation responses to 
changes in seabird abundance.  The present study has provided the first 
comprehensive estimate of burrowing seabirds in a key region of south-eastern 
Australia, and demonstrated the importance of this region for seabirds.   
An estimated 755 400 short-tailed shearwater, 26 700 little penguin, 19 100 
common diving-petrel and 4200 fairy prion burrows occur on these islands.  This 
equates to 805 400 breeding pairs of seabirds in the region.  These estimates, 
however, should be treated with some caution since the number of active burrows 
does not necessarily translate to breeding pairs.  For example, some short-tailed 
shearwater burrows may be occupied by non-breeding individuals early in the 
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breeding season (Skira and Wapstra 1980) while inactive burrows of seabirds could 
be those of failed breeding attempts (e.g., Bradley et al. 1991).  In addition, the 
timing of the little penguin breeding season varies inter-annually and is protracted, 
with some pairs laying second clutches (Reilly and Cullen 1981).  This may result in 
conservative estimates, though surveys in the present study were typically ideally 
timed to coincide with the period of peak abundance (Sutherland and Dann 2012).  
Using estimates of breeding pairs along sections of Australia’s coast (Harris 
and Norman 1981; Ross et al. 2001; Dann et al. 2004; Dann and Norman 2006; P. 
Dann, unpubl. data), it was possible to generate an estimate of the proportion of the 
Bass Strait and Australian populations of the four species that breed on the islands in 
the present study.  Wilsons Promontory’s islands may support up to 18 and 14 % of 
the Bass Strait and Australian little penguin populations, respectively, and up to 8 
and 6 % of short-tailed shearwaters in Bass Strait and Australia, respectively.  These 
may be under-estimates since declines have been reported in both species in some 
other parts of south-eastern Australia (Dann 1992; Stevenson and Woehler 2007; 
Vertigan et al. in review).  For the smaller species, an estimated 6 and 0.4 % of fairy 
prions in Bass Strait and Australia, respectively, and 19 and 13 % of common diving-
petrels in Bass Strait and Australia, respectively, breed on the islands surrounding 
Wilsons Promontory.  However, the abundances of breeding seabirds in Australia are 
broad estimates only and, therefore, the proportional contribution of seabirds on the 
islands in the present study should be considered preliminary only.   
Abundance estimates of the various species in the present study differ 
substantially to previous reports, though the overall distribution of seabirds was 
broadly similar (summarised in Table 3.4).  However, earlier studies did not attempt 
to generate precise estimates of most species in the region, with existing information  
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Table 3.4. Previous estimates of the distribution and abundance of short-tailed shearwaters 
(STSW), little penguins (LP), fairy prions (FP) and common diving-petrels (CDP).  
Estimates (number of burrows) are based on Harris and Norman (1981) unless otherwise 
noted and do not include dead specimens found.  A: Lane and Battam (1980), surveyed 
Norman and Wattle Islands; B: Lane (1979), surveyed Kanowna, Anser, Great Glennie, 
Dannevig, McHugh and Citadel Islands; C: Lane and Battam (1981), surveyed Kanowna, 
Dannevig, McHugh and Citadel Islands; D: Gillham (1961), surveyed Cliffy, Rabbit, 
Dannevig, McHugh and Citadel Islands; E: Wainer and Dann (1979), surveyed Great 
Glennie Island; and F: Dann and Norman (2006), provide additional estimates for Wattle, 
Kanowna, Rabbit and Seal Islands.   
Island Previous estimates 
STSW LP FP CDP 
Anser 251 700  Hundreds Present  
Present (B) 
0 
Citadel 111 45 
Present (B, D) 
50 
Present (B) 
0 
Cliffy 6300 
≤ 100 (D) 
0 
Present (D) 
0 0 
Dannevig 44600 
2000-3000 (D) 
Present (C)  
Hundreds 
Several hundred (D) 
Present (B, C) 
0 
Present (B) 
> 100 (C)  
0 
Present (B) 
Several hundred (D) 
Great Glennie 400 000 
Present (B, E) 
500 
Present (B, E) 
0 0 
Kanowna 52 000 
Present (B, C) 
Small numbers 
Present (B, C) 
100 (F) 
Not surveyed 
Present (C) 
0 
Present (B) 
McHugh 6200 
Present (B, C, D) 
1000 
Present (B, C, D) 
0 
Present (B, C) 
0 
Present (C, D) 
Norman 145 000 
600 000 (A) 
Present (C) 
Present 
400-500 (A) 
Present (C) 
0 
Present (C) 
Present 
Present (A) 
Notch  6000 500 Present  Present  
Rabbit 131 000 
Thousands (D) 
500 
Hundreds (D) 
8000 (F) 
0 0 
Rabbit Rocks 3800 100 0 0 
Rag 18 200 Hundreds 0 Present 
Seal 54 000 Hundreds 
1000 (F) 
Several hundred Present 
Shellback 109 500 Hundreds 0 0 
Wattle 83 450 
Thousands (A) 
Present (C) 
1000 
Present (A, C) 
500 (F) 
0 
Present (B) 
Probably breeds (A) 
 
0 
Probably breeds (A) 
Total 1 311 900 c. 6500 ? ? 
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on fairy prions and common diving-petrels largely limited to acknowledgements of 
their presence.  Therefore, it is not possible to determine whether the populations of 
these have declined, increased or remained stable. 
With almost 27 000 active burrows estimated on the islands around Wilsons 
Promontory, little penguins were found on every island surveyed as has been 
previously reported (Gillham 1961; Harris and Norman 1981), though in 
considerably greater numbers than in earlier work (Table 3.4, Harris and Norman 
1981).  Coarse estimates suggest that 8200 pairs of little penguins may have 
occupied these islands previously (Harris and Norman 1981; Dann and Norman 
2006).  While declines in little penguin populations have been recorded in other areas 
of south-eastern Australia (Dann 1992; Dann et al. 2004; Stevenson and Woehler 
2007), the breeding population on Phillip Island, north-central Bass Strait, has 
approximately doubled since 1978 (Sutherland and Dann 2012), largely in concert 
with a suite of management actions designed to address terrestrial anthropogenic 
mortality (e.g., Dann 1992).  There are also at least three other well-documented 
cases of little penguin colonies increasing in south-eastern Australia and New 
Zealand over the past few decades (Dann 1994; Perriman and Steen 2000; Preston et 
al. 2007; Agnew and Houston 2008), which have involved the reduction of predation 
by introduced predators and disturbance by humans (Dann in press).   
Reasons why the estimates in the present study are higher than those 30 years 
ago may be due to more accurate methods of estimation as the factors believed 
responsible for increases in little penguin populations elsewhere are not readily 
apparent for the islands around Wilsons Promontory.  Predation by introduced 
mammals has not been a factor on these islands and levels of human disturbance in 
this area are unlikely to have changed greatly in recent years, although the illegal 
exploitation of penguins as bait for cray fishing may have been more widespread in 
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the past.  This practice is thought to have reduced “alarmingly” the population of De 
Witt Island off southern Tasmania during the 1950s and 60s (White 1980).   
The greater abundance of little penguins in the present study could potentially 
stem from immigration of individuals from other locations, though this is unlikely as 
inter-colony movements are infrequent in this species (Dann 1992).  The increases 
could also reflect local increases in productivity which would positively impact 
reproductive output, recruitment and/or survival (e.g., Nur and Sydeman 1999; 
Rindorf et al. 2000; Oro and Furness 2002).  Several fish species in other parts of 
Bass Strait, for example, have shown range expansions and increases in abundance, 
presumably owing to warmer ocean temperatures (Last et al. 2011).   
Breeding colonies of fairy prions were found on eight islands.  Despite earlier 
records of this species breeding on Anser and McHugh Islands (Lane 1979; Harris 
and Norman 1981; Lane and Battam 1981), no burrows of this species were 
discovered on these islands, though their vocalisations were heard on Anser Island 
and the wing of a dead bird was found on McHugh Island in winter.  This suggests 
either transient birds or that they occur at very low densities below detection levels 
on these islands.  Likewise, fairy prion burrows were only discovered on Citadel 
Island before the commencement of the breeding season in the present study despite 
previous records of active fairy prion burrows in summer (Lane 1979; Harris and 
Norman 1981).  It is unlikely that the species continues to breed there.  Previous 
detection of the fairy prion population on Cliffy Island has been variable (Gillham 
1961; Harris and Norman 1981).   
Burrows attributed to common diving-petrels were found on 11 islands.  The 
present study provides the only contemporary record of common diving-petrels on 
Cliffy Island (Gillham 1961; Harris and Norman 1981) and is the first to find active 
burrows of this species on Shellback Island, with only dead birds found at this site 
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previously (Harris and Norman 1981).  Evidence of common diving-petrels on Anser 
Island has not previously been reported (Gillham 1961; Lane 1979; Harris and 
Norman 1981).  The species was also heard or remains found on two additional 
islands (Rabbit and Great Glennie Islands, respectively).  However, despite extensive 
searches, no sign of burrowing activity could be found on Rabbit Island, suggesting 
that the vocalisations were those of prospecting birds, while the remains on Great 
Glennie Island may have been transported there from neighbouring islands by Pacific 
gulls (Larus pacificus).   
Burrows of short-tailed shearwaters occurred on every island surveyed.  This is 
the only species for which abundance estimates have previously been made (Harris 
and Norman 1981) and since earlier estimates were unadjusted for occupancy rates, 
raw abundance estimates from the present study are used here for comparative 
purposes.  These showed a regional decline of 35 % in the number of breeding short-
tailed shearwaters, with increases occurring on only four of the 15 islands surveyed.  
The remaining islands showed decreases of 23 – 91 %.  Declines in this species have 
also been documented on islands in south-eastern Tasmania and eastern Bass Strait 
(Vertigan et al. in review), and on Phillip Island (D. Sutherland, unpubl. data).  The 
widespread decrease reported by Vertigan et al. (in review) has been attributed to 
either shifts in prey availability in the Bering Sea where short-tailed shearwaters 
spend the Austral winter or decreased productivity in waters south of the Antarctic 
Polar Front (Vertigan et al. in review) where the species forages during the breeding 
season (Raymond et al. 2010).  Thus, the decline may be, at least in part, a 
consequence of poor foraging conditions in the Bering Sea or Southern Ocean.   
However, local, island-specific factors may also play some role.  Several 
islands surveyed as part of the present study have become infested by exotic plant 
species which form dense thickets, excluding most individuals from some areas 
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overrun by these.  These areas were still considered suitable for breeding since 
burrows were found among this vegetation, though typically at low densities.  In 
addition, a fire in 2005, through its effects on vegetation and soil stability, may be 
responsible for reductions on Seal Island.   
There are a number of additional potential factors that could influence the 
distribution and abundance of seabirds.  For example, competition for nesting habitat 
and food resources may play a role in the structuring of this community, though 
empirical evidence to support this is lacking.  In addition, habitat characteristics 
influence seabird distribution (Warham 1990; Warham 1996), and the patterns 
observed in the present study may reflect the locations of suitable island-specific 
breeding habitats.  The nesting sites of fairy prions, for example, typically occur on 
steep slopes with jumbled boulders (Chapter 4).  These habitats are abundant on 
Kanowna Island and, accordingly, one of the largest fairy prion colonies occurs 
there.  
The quality of breeding habitats may also be affected by the presence of 
predators (Warham 1990).  Globally, numerous studies have documented adverse 
effects of Rattus species on burrowing seabirds, particularly smaller species (< 300 g, 
reviewed by Jones et al. 2008).  This may explain the absence of fairy prions and 
common diving-petrels, both < 300 g (Marchant and Higgins 1990), on Great 
Glennie Island, the only island surveyed known to be occupied by bush rats.  Since 
bush rats are omnivorous (Cheal 1987), they could prey on the eggs or chicks of the 
smaller petrel species.  Aerial predators, particularly Pacific gulls (Larus pacificus), 
which feed on all four species (Leitch 2010) and nest on all the islands surveyed, 
may also influence the distribution of seabirds.  Common diving-petrels are 
consumed in disproportionately greater numbers than the other species, with fairy 
prions only becoming important after common diving-petrel chicks have fledged 
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(Leitch 2010) near the completion of the Pacific gull breeding season (Marchant and 
Higgins 1990).  This could explain the low numbers of common diving-petrels on 
Kanowna Island, which is occupied by the largest colony of Pacific gulls in the 
region (unpubl. data).  
A key factor influencing the distribution and abundance of seabirds is 
proximity to foraging areas (Kaiser and Forbes 1992; Warham 1996).  For example, 
common diving-petrels were the only species that nested in higher densities on 
islands off the eastern coast of Wilsons Promontory in the present study.  Although 
there is limited data on the oceanography of Bass Strait, Gibbs et al. (1991) 
identified a zone of high zooplankton biomass in winter near the eastern-most islands 
which disappears over summer.  Given the winter breeding habit (Marchant and 
Higgins 1990) and zooplankton diet (Schumann et al. 2008) of common diving-
petrels, this productive zone could help explain the generally higher densities of this 
species on the eastern islands.   
 In the present study, the abundances of fairy prions and little penguins were 
often greater in winter than in summer, despite breeding during the warmer months.  
Whether they attend breeding sites in order to maintain or claim ownership of 
burrows (e.g., Waas 1990; Gardner and Wilson 1999), roost on islands near winter 
foraging areas or are prospecting birds can not be determined.  However, fairy prions 
were also recorded on Anser, Rag and Citadel Islands in winter (evidenced by calls 
or the presence of active burrows) but not summer.  This suggests prospecting 
behaviour or that some individuals were new recruits.  These may experience high 
winter mortality rates which could explain the seasonal discrepancy in numbers.  The 
larger number of fairy prions in winter could indicate that the region is an important 
non-breeding location for this species.  Their main prey, coastal krill (Nyctiphanes 
australis), is known to form surface swarms throughout the year in south-eastern 
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Australia (O'Brien 1988) and may be locally available to fairy prions year-round, 
allowing the species to remain resident throughout the year.   
It is uncertain whether common diving-petrels are resident outside of the 
breeding season; Weimerskirch et al. (1989) and Powlesland et al. (1992) considered 
them resident while Richdale (1965) suggested that they live a pelagic lifestyle after 
breeding but are sometimes within flying range of the breeding colony, with some 
birds occasionally coming ashore.  The present study recorded few common diving-
petrels on the islands in summer, suggesting that in this region, they are not resident 
outside of the breeding season.  To confirm this, surveys into late summer/autumn 
are required. 
In summary, the present study has provided the first complete estimate of 
population size and distribution of burrowing seabirds in north-central Bass Strait 
and demonstrated the importance of the region for several burrowing seabird species 
in Australia.  The distribution and abundance of seabirds on the offshore islands of 
Wilsons Promontory are probably driven by a range of factors, such as the 
distribution of suitable breeding habitats, predators and foraging areas.  Monitoring 
programs whereby several of the more accessible islands are surveyed on a regular 
basis using standardised methods need to be implemented in order to detect trends in 
abundance.  This will enable timely conservation action to be undertaken in response 
to any negative population trends. 
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CHAPTER 4 
HABITAT USE IN BURROW-NESTING SEABIRDS IN SOUTH-
EASTERN AUSTRALIA 
 
 
 
 
Little penguin in burrow, Notch Island, January 2009 
 
 
 
 
        
A version of this chapter has been submitted for publication as: Schumann, N., Dann, 
P., and Arnould, J. P. Y. (in review). Habitat use in burrow-nesting seabirds in south-
eastern Australia. Emu. 
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Abstract: The size and growth of seabird populations are believed to be regulated, in 
part, by the availability and quality of suitable breeding habitat.  Global climate 
change is predicted to have significant impacts on coastal habitats and may, 
therefore, have important consequences for seabird populations and the terrestrial 
ecosystems they support.  The present study assessed breeding habitat use in the four 
most abundant species in south-eastern Australia using a generalised additive mixed 
modelling (GAMM) approach.  Habitat characteristics were measured on thirteen 
islands in winter and summer, 2008 – 2011.  The four species were associated with a 
variety of habitat parameters, with the burrows of some species related to only one 
habitat parameter and others associated with several.  Breeding habitat use in each 
species may be explained by predator avoidance, physical requirements and 
potentially, inter-specific competition.  While the habitat characteristics used by each 
species showed broad inter-specific overlap, there was distinct divergence between 
species and the four species typically occupied different microhabitats within 
breeding areas.  Information on the proportion of available habitat used and the 
influence of breeding habitat on reproductive success would enhance current 
understandings of what constitutes optimal breeding habitat as well as the role of 
inter-specific competition in this assemblage of seabirds. 
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Introduction 
Seabirds utilise both marine (to forage) and terrestrial (to breed) environments 
(Warham 1990; Brooke 2004).  Their distribution is, correspondingly, influenced by 
the distribution and availability of prey in marine ecosystems (Warham 1990; 
Grémillet and Boulinier 2009), and the availability of suitable breeding habitat in 
terrestrial systems (Warham 1990).  Indeed, suitable breeding habitat availability is 
believed to play a significant role in regulating seabird population size and growth 
(Warham 1996; Brooke 2004; Dann and Norman 2006).  Access to suitable nesting 
habitat, for example, may play a pivotal role in the reproductive success of seabirds, 
with sites of higher quality associated with greater breeding success (Brooke 2004; 
Kokko et al. 2004).   
The quality of seabird breeding habitat is influenced by a range of biological 
and physical parameters such as vegetation attributes, topography, the availability of 
take-off sites, microclimate, and shelter from the elements (Schramm 1986; Warham 
1996; Lawton et al. 2006).  The characteristics and availability of these parameters 
affect the suitability of a site as potential nesting habitat, with different species using 
a variety of habitat characteristics during breeding.  However, predation pressure and 
inter-specific competition for nesting habitat may also influence the breeding areas 
used by seabirds (Schramm 1986; Warham 1996). 
Knowledge of terrestrial habitat use in seabirds is necessary to develop a 
greater understanding of the role of breeding habitat availability in population 
regulation.  This could be particularly relevant given the potential for climate change 
to effect deleterious changes to island habitats (Brooke 2004; Chambers et al. 2011).  
These changes may also alter inter-specific dynamics on land, potentially increasing 
competition between species as the quality and availability of breeding habitat 
declines.  Therefore, in order to ensure effective management and conservation of 
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seabirds, knowledge of nesting habitat use is required.  This will provide insights into 
how seabird populations may respond to environmental variability and the potential 
influence of inter-specific competition for breeding habitat on their populations.   
Bass Strait, south-eastern Australia, is a key region for seabirds in Australia, 
with at least 18 species with combined breeding populations of more than 20.5 
million individuals known to breed in the region (Ross et al. 2001).  These species 
breed in dense, overlapping colonies on numerous offshore islands, either on the 
surface, or in burrows or rock cavities (Harris and Norman 1981, Brothers et al. 
2001).  Little is known of the factors influencing nesting habitat use of seabirds in 
the region, with previous studies providing generalised descriptions of the habitats in 
which species have been recorded rather than identifying the particular habitat 
attributes used by seabirds using statistical methods (e.g., Harris and Norman 1981; 
Norman et al. 1996; Brothers et al. 2001).  
Little penguins (Eudyptula minor), common diving-petrels (Pelecanoides 
urinatrix), fairy prions (Pachyptila turtur) and short-tailed shearwaters (Ardenna 
tenuirostris) breed in particularly large numbers in south-eastern Australia and are 
ubiquitous throughout Bass Strait (Ross et al. 2001).  Consequently, these play a key 
ecological role as major consumers of marine biomass (e.g., Croxall 1987) and 
drivers of island ecosystems (Smith et al. 2011).  As a result, any changes in the 
abundance and distribution of these species could have major consequences for the 
terrestrial systems they support.   
The four species vary in size, ranging from average weights of ≤ 153 g for fairy 
prions and common diving-petrels, 520 – 688 g for short-tailed shearwaters 
(Marchant and Higgins 1990), and 1172 and 1048 g  for male and female little 
penguins, respectively (Dann et al. 1995).  They also differ in factors such as their 
breeding phenologies (Marchant and Higgins 1990), which may expose breeding 
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seabirds to different prevailing weather conditions at colonies, vulnerability to 
predators at colonies (Leitch 2010), nest attendance rates (Harper 1976; Payne and 
Prince 1979; Schultz and Klomp 2000; Chiaradia and Nisbet 2006) and wing 
loadings, which affect their landing and take-off performance (Warham 1977).  
These differences may be reflected in the habitat characteristics used by the four 
species.  For example, the two smaller petrels, which are key prey of aerial predators 
(Leitch 2010) and typically attend the nest on a nightly basis (Harper 1976; Payne 
1979), may use habitat features that reduce their exposure to predators while habitat 
use in little penguins and short-tailed shearwaters may be driven more by features 
that enhance burrow stability and facilitate excavation of their larger burrows.  The 
need by the former to walk between landing sites and burrows is also likely to 
influence habitat use.   
There is currently little information on terrestrial habitat use in seabirds in 
south-eastern Australia and, therefore, it is not possible to determine the habitat 
characteristics underlying the current distribution of burrowing seabirds on islands or 
make predictions of distributional changes in response to environmental variability.  
Therefore, the aims of the present study were to determine the characteristics of the 
breeding habitat used by the four most abundant burrowing species in south-eastern 
Australia and identify differences between these species in habitat use.  If the four 
species occupy different habitat types, this could reflect adaptations to particular 
physical conditions or competition for breeding areas.  
 
Methods 
Study sites and data collection  
The study was conducted between 2008 and 2011 on 13 of the 15 islands adjacent to 
Wilsons Promontory in north-central Bass Strait, south-eastern Australia (Chapter 3).  
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Limited time on the remaining two islands prevented their inclusion.  The islands in 
the present study represent 28 % of the approximately 46 islands in central Bass 
Strait and one of the greatest concentrations of islands in Australia.  The islands 
consist primarily of coarse-grained granite bedrock with shallow profiles of sandy 
soil in places which supports vegetation dominated by tussock grassland 
communities, though dense stands of scrub, herb fields and succulent halophytes also 
occur (Gillham 1961; Harris 1979; pers. obs.).  Extensive outcrops of rock are 
exposed across the islands and the topography varies from gentle slopes to steep, 
exposed cliffs.  The islands range between 1.4 and 138.6 ha in area, with maximum 
elevations of 23 – 152 m (Harris 1979). 
Each island was surveyed during July – early September, the incubation period 
of common diving-petrels, and November – early February, which corresponds to the 
breeding periods of fairy prions, short-tailed shearwaters and little penguins 
(Marchant and Higgins 1990), the burrow-nesting species in the region (Harris and 
Norman 1981).  The islands were visited for periods ranging from 1 to 20 days 
depending on the size and terrain of the island, and within logistical restrictions.   
On each island, a series of 5 x 4 m quadrats were sampled along transects 
placed at regular intervals between 50 and 300 m depending on island size, with the 
distance between transects being increased by 50 m for every 20 ha increase in island 
area (i.e., 50 m intervals for ≤ 20 ha, 100 m for 21 – 40 ha, 150 m intervals for 41 – 
60 ha etc.).  Transects were placed across each island perpendicular to the 
longitudinal axis of each island (i.e., north-easterly direction for most islands) with 
quadrats spaced at 10 m intervals in winter 2008 – summer 2010.  Due to logistical 
constraints, the interval between quadrats was increased to 25 m in winter 2010 – 
summer 2011, and on some islands, transects could not be arranged owing to time 
limitations and instead, quadrats were placed randomly, with positions determined 
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using the Random Point Generator extension (version 1.3, Jenness 2005) in ArcView 
(version 3.3, ESRI Corporation, Redlands, USA).   
In each quadrat, a range of habitat characteristics was assessed (Table 4.1) and 
the number of active nesting sites (burrows or rocky crevices) of each species 
recorded.  Nesting sites were considered active if they showed evidence of 
occupation (e.g., fresh signs of digging, faecal matter, feathers in entrances, trampled 
vegetation and the presence of birds or eggs).  The species occupying each nesting 
site was identified by the attributes of the burrow (e.g., diameter of the entrance and 
tunnel characteristics, Schramm 1986; Fullagar and Heyligers 1992; Ramos et al. 
1997), the type of evidence of activity (e.g., size and colour of faecal matter and 
feathers, and odour, Fullagar and Heyligers 1992), and by the presence of adult birds, 
eggs or chicks.   
Elevation (± 3 m) and GPS coordinates (± 10 m) at the centre of each quadrat 
were determined using a hand-held GPS (Garmin GPSmap 60CSx).  Dominant 
vegetation, the proportion of dominant vegetation cover and bare ground/rock were 
visually estimated by the same observer in all quadrats to avoid biases associated 
with inter-observer differences.  Subdominant vegetation type and the proportion of 
cover of all vegetation were initially examined but excluded from analyses.  Where 
no vegetation occurred, vegetation attributes were recorded as 0 and likewise for soil.  
Slope angle (± 1°) was measured using a magnetic polycast protractor (Level 36, 
Empire Level Co., PO Box 800, Mukwonago, Wisconsin, 53149, USA) placed on a 
rope or pole angled along the prevailing slope, and aspect calculated using a hand-
held magnetic compass (later corrected for magnetic deviation).  Euclidian distance 
of the centre of the quadrat from the ocean was determined in ArcView (version 3.3, 
Esri Corporation, Redlands, USA) using the Nearest Features extension (version 
3.8b, Jenness 2007).  The habitat attributes measured were selected on biological  
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Table 4.1. Details of the parameters measured to represent habitat characteristics in each 
quadrat.  The species for which each parameter was considered in the modeling process is 
included (LP: little penguin, CDP: common diving-petrel, FP: fairy prion, STSW: short-
tailed shearwater). 
Variable Description Species’ models for 
which parameter included 
Dominant vegetation Type of the main vegetation species in each 
quadrat. 
 
LP, CDP, FP, STSW 
Dominant vegetation 
cover  
The proportion of cover of the dominant 
vegetation type to the nearest 5 %. 
 
CDP, STSW  
Vegetation height Modal height of the dominant vegetation to the 
nearest 10 cm, with any vegetation above 2 m 
classified as 2 m+.  Where co-dominants 
occurred, their modal heights were averaged. 
 
LP, FP 
Rock cover Proportion to the nearest 5 % of the substrate 
of each quadrat comprising rock. 
 
LP, FP, STSW 
Bare ground Proportion to the nearest 5 % of the substrate 
of each quadrat constituting bare ground. 
 
FP, STSW 
Distance from ocean Horizontal, euclidian distance (m) of each 
quadrat from the ocean ± 10 m, in 10 m 
increments. 
 
LP, CDP, FP 
Elevation Altitude (m) at the centre of the quadrat ± 3 m. 
 
STSW 
Slope angle Angle (°) of the prevailing slope. 
 
LP, CDP, FP, STSW 
Aspect Aspect (°T) of the prevailing slope of the 
quadrat, broadly classified into eight categories 
(N: 341-25°, NE: 26-70°, E: 71-115°, SE: 116-
160°, S: 161-205°, SW: 206-250°, W: 251-
295°, NW: 296-340°).  
 
LP, CDP, FP, STSW 
Soil depth Depth of the soil (cm) measured at the centre 
of the quadrat.  Where the substrate at the 
centre of the quadrat was rock, a depth of 0 cm 
was recorded. 
 
STSW 
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grounds given their potential influence on factors such as microclimate, burrow 
stability, ease of take-off, and concealment and evasion from aerial predators.   
 
Statistical analyses  
Regression modelling was used to analyse the influence of the habitat characteristics 
(listed in Table 4.1) on the presence or absence of each species.  Since exploration of 
the raw data indicated that the dataset contained non-linear relationships and the 
design was nested, habitat use was modelled using Generalised Additive Mixed 
Models (GAMMs, Wood 2006; Zuur et al. 2009).  These are flexible regression 
models that use non-parametric smoothing functions to model non-linear 
relationships (Wood 2006).  A backward stepwise approach was used to select the 
optimal fixed structure of the model following the methods of Zuur et al. (2009).  
Thus, the least significant term in each model was rejected in turn and the models re-
fitted until all parameters were significant at the 0.05 level.  This was then verified 
using a forward stepwise procedure.  Smoothing parameters close to the threshold 
level should be treated with caution since P-values are approximate (Zuur et al. 
2009) and, therefore, where this occurred, greater emphasis was placed on the 
deviance explained and predictive performance of the model (Kelly et al. 2011). 
The parameters included in the final models were used to predict probabilities 
of encountering seabird nesting sites.  Island was specified as a random effect to 
account for the non-independent error structure in the data, all predictor variables 
were fixed effects, and a binomial error distribution was specified for the response 
variable after converting burrow counts to presence/absence due to issues of over-
dispersion and zero-inflation in the count data.  GAMMs were undertaken in the R 
statistical environment (version 2.12.2, R Development Core Team 2011) using the 
gamm4 package (version 0.1-0, Wood 2010). 
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For each species, habitat measurements taken during their respective breeding 
seasons were used in analyses.  Since the present study aimed to investigate the 
habitat attributes used by seabirds on islands rather than the features of islands 
occupied by colonies, modelling for each species was restricted to islands containing 
that species.  Thus, modelling for short-tailed shearwaters and little penguins was 
based on data from all 13 islands while for fairy prions and common diving-petrels, 
data from 6 and 9 islands, respectively, were used.  Collinearity was assessed by 
inspecting correlation coefficients in a Pearson correlation matrix and variance 
inflation factors (VIF) using the AED package (version 1.0, Zuur et al. 2009) in the 
R environment; variables included in the modelling process were then selected after 
removing one of a pair of highly correlated variables (Pearson correlation, r ≥ 0.7 or 
≤ -0.7), with the variable considered more biologically relevant retained in the 
modelling process, and any variables with a VIF value above three, dropped one at a 
time until all VIF values were below three (Zuur et al. 2009) provided it was 
biologically sensible to remove them.   
Deviance explained by the model was used to evaluate the explanatory power 
of the models and predictive performance assessed using the Area Under the receiver 
operating characteristic Curve (AUC).  A receiver operating characteristic curve 
(ROC) is a plot of true positive values (sensitivity values) on the y axis against their 
equivalent false positive cases (1 – specificity) on the x axis (Fielding and Bell 
1997).  The AUC provides a threshold-independent measure of model accuracy, and 
varies between 0.5 for a model with a discrimination ability no better than random 
and 1.0 for a model with perfect discriminatory ability (Fielding and Bell 1997).  
Cross-validation was undertaken in the R environment using source scripts (also used 
to calculate deviance explained by the model) in Elith et al. (2008). 
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Results 
Due to logistical constraints, the surveys on the various islands were conducted over 
several years during which a total of 2419 quadrats (1274 in winter, 1145 in 
spring/summer) were sampled (Table 4.2).  However, since not all species occurred 
on each island and because the data from some quadrats had to be excluded due to 
missing values, not all quadrats were included in the modelling process (Table 4.3).   
Although the majority of models of breeding habitat use in the various seabird 
species explained only a small proportion of the deviance (ranging between 4.4 and 
11.7 %), the AUC of most models was relatively high, indicating reasonable 
predictive ability of the models, although this was not the case for all species.  The 
AUC ranged between 0.61 for little penguins and 0.85 for common diving-petrels, 
revealing that the models correctly discriminated between the presence and absence 
of burrows of the various species in 61 – 85 % of instances (Table 4.3).  The 
parameters entered into models predicted the presence of the various species in 
different ways and not all model parameters were influential, although some, notably 
slope angle and distance from the ocean, predicted the presence of more than one 
species (Table 4.3).   
Overall, the total suite of habitat characteristics associated with each species 
showed distinct divergence, with the presence of some species related to a 
combination of factors and others correlated with only one.  Fairy prions, for 
example, occurred in small, discrete patches on islands, and the presence of their 
burrows was correlated with only one variable whereas short-tailed shearwaters were 
widespread and their presence related to multiple variables (Table 4.3).  However, 
some similarities in the habitat used by the various species were evident, resulting in 
overlapping colonies of the various species (e.g., Fig. 4.1).   
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Table 4.2. Island characteristics, survey details, dominant bird species and the islands on which 
the seabird species considered in the present study breed (STSW: short-tailed shearwater, CDP: 
common diving-petrel, FP: fairy prion, LP: little penguin).  The number of quadrats differed 
between seasons (denoted as winter (W) and summer (S)) since the soil was typically more friable 
and prone to collapse in the warmer months resulting in the need to avoid some patches.  DV 
refers to the dominant vegetation type (TG: Tussock grassland, SL: Scrubland, SH: Lavatera 
shrubland). 
Island Island  
area (ha) 
Elevation 
(m) 
Dates  
Surveyed 
 
No. of 
quadrats  
surveyed 
DV Dominant 
species 
Known seabird 
Species 
Anser 76.9 152 9 – 13 August 2010 
3 – 8 December 2010 
 
67 (W) 
67 (S) 
TG/
SH 
 
STSW STSW, CDP, LP 
Citadel  19.3 110 4 October 2009 
16 December 2009 
 
20 (W) 
16 (S) 
SL LP STSW, LP 
Cliffy 6.7 30 3 – 6 September 2008 
10 – 17 December 2008 
 
84 (W) 
 81 (S) 
SL STSW STSW, CDP, 
FP, LP 
Dannevig 21.2 77 16 September 2009 
14 January 2010 
 
27 (W) 
 21 (S) 
TG STSW STSW, CDP, 
FP, LP 
Great 
Glennie 
138.6 140 11 – 29 August 2009 
1 – 9 December 2009 
 
277 (W)  
207 (S) 
TG STSW STSW, LP 
Kanowna 35.3 95 21 July – 9 August 2009 
25 November – 1 December 
2009 
 
133 (W)  
119 (S) 
TG STSW STSW, CDP, 
FP, LP 
McHugh 9.5 66 5 October 2009 
15 December 2009 
 
21 (W) 
 20 (S) 
TG/
SL  
STSW STSW, LP, CDP 
Norman 51.5 100 28 – 30 July 2010 
16 December 2010 
14 February 2011 
 
64 (W) 
 47 (S) 
TG STSW STSW, CDP, 
FP, LP 
Notch 10.0 38 4 – 18 August 2008 
5 – 18 January 2009 
 
109 (W)  
105 (S) 
TG STSW, 
CDP 
STSW, CDP, 
FP, LP 
Rabbit 29.0 59 24 August – 3 September 2008 
17 – 23 December 2008 
 
204 (W) 
184 (S) 
TG STSW STSW, LP 
Rabbit 
Rock 
1.4 23 6 September 2008 
17 December 2008 
 
14 (S) TG STSW STSW, LP 
Rag 7.4 43 24 August 2008 
21 January 2009 
 
21 (W) 
21 (S) 
TG STSW STSW, CDP, LP 
Seal 18.7 50 18 -24 August 2008 
5 – 10 December 2008 
 
247(W)  
219 (S) 
TG STSW STSW, CDP, 
FP, LP 
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Table 4.3. Results of final models describing the attributes influencing the presence of little penguin (LP), common diving-petrel (CDP), fairy 
prion (FP) and short-tailed shearwater (STSW) burrows.  Details of the smoothed terms for the presence/absence of each species are provided 
for each attribute.  Deviance explained and AUC is also given for the final model for each species. 
 
 
 
 
 
 
 
 
 
 
a Represents the number of quadrats in which burrows were recorded, not the number of burrows in quadrats 
b Estimated degrees of freedom 
Species No. of 
quadrats 
No. of 
quadrats with 
burrowsa 
Attribute Smoothed term for 
attributes in final models 
 
 Model performance 
edfb X2 P 
 
 Deviance explained 
(%) 
AUC ± SE 
LP 899 101 Distance from ocean 2.32 25.70 <0.001  11.0  0.61 ± 0.06 
CDP 609 110 Slope angle 1.00 52.04 <0.001  4.4  0.85 ± 0.04 
   Distance from ocean 1.00 14.28 <0.001    
   % cover of dominant vegetation 4.61 21.40 <0.001    
FP 575 19 Slope angle 1.00 15.43 <0.001  7.8  0.70 ± 0.09 
STSW 887 600 Elevation 1.00 13.93 <0.001  10.2  0.77 ± 0.05 
   Rock 1.00 36.83 <0.001    
   Bare ground 4.16 34.33 <0.001    
   Height of dominant vegetation 2.86 14.86 0.002    
   Slope angle 1.00 5.38 0.02    
STSW 359 284 Soil depth 1.00 33.85 <0.001  11.7  0.72 ± 0.07 
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Fig. 4.1. Example of the distributions of burrowing seabird colonies on Rabbit Island (a) and Seal Island (b), north-central Bass 
Strait, south-eastern Australia  
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Of the variables included in the modelling process for little penguins (Table 
4.1), the only influential parameter was distance from the ocean.  This species nested 
in sites near the ocean, with the probability of presence curve peaking at 
approximately 20 m from the ocean before declining (Fig. 4.2).   
Likewise, common diving-petrels tended to nest in sites near the ocean.  The 
final model of habitat use in this species included distance from the ocean, slope 
angle and the proportion of cover of the dominant vegetation type (Table 4.3).  Slope 
angle was the strongest predictor of common diving-petrel presence, with the 
probability of burrows occurring at a site showing a sharp increase at slope angles 
above 34° (Fig. 4.3).  This species also tended to nest in burrows within 100 m of the 
ocean and in areas with a dominant vegetation cover of approximately 60 – 80 % 
(Fig. 4.3).  Common diving-petrel colonies, therefore, typically occurred along the 
steep, vegetated perimeters of islands. 
Fairy prions also nested in more steeply sloping areas, with the probability 
curve for this species showing a relatively linear increase with slope angles > 36° 
(Fig. 4.4).  This was the only variable included in the final model for this species 
(Table 4.3).  Although slopes are not limited to island perimeters, the terrain near the 
shore is often steeply sloping and, therefore, fairy prion colonies frequently 
overlapped with those of common diving-petrels.  However, the two species tended 
to occupy different microhabitat, with fairy prions typically nesting in rocky crevices 
while common diving-petrels tended to excavate burrows in soil (pers. obs.). 
The presence of short-tailed shearwater burrows was associated with a range of 
habitat characteristics (Table 4.3).  Accordingly, this species occurred in all areas of 
the islands that appeared suitable for burrowing.  Of the variables included in the 
global model for this species, elevation, proportion of rock cover, proportion of bare 
ground, height of the dominant vegetation, slope angle and soil depth were all  
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Fig. 4.2. Predicted probability of presence of little penguin burrows ± 
95 % CI in relation to distance from the ocean. 
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Fig. 4.3. Predicted probability of presence of common diving-petrel burrows ± 95 % CI.   
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Fig. 4.4. Predicted probability of presence of fairy prion burrows ± 95 % 
CI in relation to slope angle. 
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predictors of the distribution of short-tailed shearwater burrows (Fig. 4.5).  Overall, 
short-tailed shearwaters tended to nest at higher elevations in areas with slopes above 
approximately 20° and where bare ground represented approximately 20 – 40 % and 
> 85 % of the substrate.  This species was negatively associated with rocky substrates 
and occurred in areas where vegetation was below approximately 100 cm in height 
(Fig. 4.5).   The relationship between soil depth and the presence of short-tailed 
shearwater burrows was analysed separately and showed that this species tended to 
occur in deeper soils, though the probability curve began to plateau at depths > 30 
cm (Fig. 4.5).   
 
Discussion 
Seabird population size and growth is believed to be regulated, at least in part, by the 
availability of suitable breeding habitat (Warham 1996; Brooke 2004; Dann and 
Norman 2006).  A variety of habitat characteristics influences the suitability of a 
potential breeding site, and this is species-specific, with different species associated 
with different habitat characteristics (Schramm 1986; Warham 1996).  Therefore, in 
order to understand the role of nesting habitat availability in population regulation, it 
is necessary to determine the habitat parameters used by seabirds for breeding.   
The present study has shown that burrowing seabirds in south-eastern Australia 
are associated with a range of habitat characteristics.  Although the total suite of 
habitat features utilised by each species in this study differed, there was distinct 
overlap in the parameters influencing the location of burrows of the various species.  
Accordingly, colonies commonly showed inter-specific overlap.  The most 
frequently occurring predictors of seabird presence were slope angle and distance 
from the ocean.  
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Fig. 4.5. Predicted probability of presence of short-tailed shearwater burrows ± 95 % CI.  
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However, caution should be applied when interpreting the habitat models 
presented in this study as the various models explained a relatively low proportion of 
deviance.  This suggests that other factors not measured in the present study 
influence the presence of seabirds at a site.  For example, associations with particular 
habitat parameters could be scale-dependent and not identified at the quadrat level, 
while seabirds may be influenced by the presence of microhabitat features, such as 
take-off points (Warham 1960; Sullivan and Wilson 2001; Rayner et al. 2007) or 
visual cues to aid in locating burrows (Brandt et al. 1995; Sullivan et al. 2000).  
Substrate type (Stokes and Boersma 1991), soil moisture (Carter 1997), and the 
arrangement and size of rocks (Brandt et al. 1995) could also be relevant, while the 
presence and characteristics of landing sites and walking paths may be important for 
little penguins (Weerheim et al. 2003).  Social stimuli, such as the presence of 
breeding conspecifics (Podolsky and Kress 1992; Brandt et al. 1995), may provide 
cues of site suitability (Podolsky and Kress 1992), thereby also influencing burrow 
location.  Furthermore, it is possible that individuals pioneering new colonies 
initially occupied optimal breeding habitat but that colonies expanded into 
suboptimal areas as they grew or that some colonies formed in random locations.  In 
addition, the small number of quadrats containing fairy prion burrows limited the 
analysis and caution is, therefore, needed when interpreting habitat use in this 
species.  Nonetheless, most models had reasonable predictive ability, indicating that 
the variables included in the final models are useful predictors of seabird presence.   
It is also possible that historic factors have influenced the distributions of these 
species on the islands.  For example, a lighthouse on Cliffy Island was once manned 
by people who introduced cats and exotic vegetation to the island.  While cats no 
longer occur there, weedy scrub now dominates the island.  Although this has spread 
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to several additional islands, it does not cover large areas of these at present (pers. 
obs.) and is, therefore, unlikely to be having a substantial impact on seabird 
distributions.  Rabbits also once occurred on two of the islands.  However, no 
evidence of these was found in 1978 and the vegetation at this time was rapidly 
recovering (Harris 1979).   
The use of particular nesting site characteristics has been attributed to 
improved evasion of predators (Schramm 1986; Catry et al. 2003; Schultz et al. 
2005; Lawton et al. 2006), physical adaptations (Schramm 1986; Brandt et al. 1995; 
Catry et al. 2003; Weerheim et al. 2003; Rayner et al. 2007), and competitive 
pressure (Schramm 1986).  Predator evasion may be the causal factor for the 
tendency of the two smaller petrels to nest on steep slopes; common diving-petrels 
and fairy prions are important prey of Pacific gulls (Larus pacificus) (Leitch 2010) 
and are probably taken by forest ravens (Corvus tasmanicus) (White 1981; Brothers 
1983b), and common diving-petrels are preyed upon by barn owls (Tyto alba) 
(Norman et al. 1980).  Steep slopes are likely to facilitate rapid take-off and landing 
for species at risk of predation (Brothers 1984; Schramm 1986; Catry et al. 2003; 
Lawton et al. 2006), and may be particularly important for common diving-petrels 
which have reduced flight manoeuvrability due to their high wing loadings (Warham 
1977).  Rock crevices, which afford protection from avian predators, are also more 
abundant on steeper slopes (pers. obs.).   
Common diving-petrels also occupied sites close to the water in the present 
study and elsewhere (Richdale 1965; Richdale 1973; Imber 1983).  It is likely that 
this species is taken in flight by Pacific gulls since gulls would rarely be able to gain 
access to common diving-petrel burrows due to their size.  Indeed, other gull species 
have been observed capturing small procellariiformes in flight (Baird 1996).  
Therefore, a tendency to nest in sites near the ocean may further assist common 
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diving-petrels to evade predation by minimising the distance flown over land 
(Schramm 1986).  This is supported by observations that this species flies directly to 
burrows upon returning to the colony (Richdale 1965; Richdale 1973), suggesting 
predator avoidance behaviour.  A high proportion of vegetation cover would also 
conceal burrows and their contents from predators (Sullivan and Wilson 2001).  
Where tussock grasses have been reduced in cover by rabbits on islands in New 
Zealand, for example, common diving-petrel chicks are exposed to predation by 
skuas (McCallum 1981).  In contrast, vegetation cover would be less important for 
fairy prions which typically nest in rock cavities (McCallum 1981; Imber 1983; 
Brothers 1984; Weimerskirch et al. 1989) and are, therefore, concealed and protected 
from larger predatory birds.   
The patterns in habitat use observed in the present study may also reflect 
adaptations to meet particular physical requirements.  Burrows on slopes, for 
example, enable rapid drainage (Brothers 1984 ; Stokes and Boersma 1991; Brandt et 
al. 1995; Catry et al. 2003), are less subject to flooding and collapse (Stokes and 
Boersma 1991), and are easier to excavate (Stokes and Boersma 1991; Brandt et al. 
1995).  The latter would facilitate burrow construction, thereby reducing energy 
expenditure (Brandt et al. 1995) and the amount of time spent on the surface where 
birds are exposed to predation (Kaiser and Forbes 1992).  Rock crevices, used by 
fairy prions for breeding, also tend to be more abundant on slopes.  The generous 
plant cover in areas occupied by common diving-petrels in the present study and 
elsewhere (Weimerskirch et al. 1989; Gaston and Scofield 1995) would also serve to 
increase thermal insulation (e.g., Klomp 1991) and soil stability (Wolfe and Nickling 
1993), thereby enhancing burrow resilience.   
Of the four species, short-tailed shearwaters were associated with the greatest 
number of habitat parameters.  This species typically nested in burrows in all areas of 
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the islands where soil was generally > 30 cm as has previously been documented 
(Warham 1960; Eckert 1971; Harris and Norman 1981).  This depth of soil is likely 
to be the minimum required for this species to construct and maintain suitable 
burrows.  Nonetheless, the species generally nested at higher elevations and on 
slopes.  This may be explained by the tendency for shearwater burrows in low-lying 
areas to flood (White 1979b; Serventy and Curry 1984; Thompson and Furness 1991; 
Skira et al. 1996).  Short-tailed shearwaters also occupied areas with a high 
proportion of bare ground and shorter vegetation, as has been found on Tasmanian 
islands (White 1979a).  The species has a high wing loading (Warham 1977) and is 
known to scurry several metres between burrows, and take off and landing points 
(Warham 1960).  A high proportion of bare ground may enable birds to gain 
momentum to become airborne and reduce the risk of injury upon landing.  Likewise, 
shorter vegetation would be less likely to impede the movement of birds through 
vegetation and would lower the risk of entanglement.  A higher proportion of bare 
ground and shorter vegetation, with its presumably more sparse root systems, may 
also improve the ease with which burrows are excavated.  In contrast, bare ground 
may be a direct result of the physical impacts of trampling and burrowing (Smith et 
al. 2011) by short-tailed shearwaters on vegetation through time.  Thus, the species 
may be influenced by the physical attributes of a site, such as topography and soil 
depth, rather than the proportion of bare ground and vegetation height. 
Little penguins nested almost exclusively in rock crevices and burrows near the 
ocean, supporting the findings of previous work on the species (Weerheim et al. 
2003).  Since penguins incur a high energetic cost when walking (Pinshow et al. 
1977), nesting in sites near the ocean would decrease energy expenditure of 
individuals moving between the ocean and their burrows as well as reduce exposure 
to predators (Dann and Norman 2006).  While the distance from the ocean was the 
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only influential factor in the distribution of little penguin burrows in the present 
study, on Tasmanian islands, they have been recorded preferentially nesting in areas 
where vegetation cover provides concealment from predators (Brothers 1983a).  
Since the breeding phenologies of the species in the present study overlap 
(Marchant and Higgins 1990), it is possible that the distribution of the various 
species on the islands is influenced by inter-specific competition for breeding habitat, 
with several species associated with broadly similar habitat characteristics.  
However, there was distinct divergence, with each species associated with a different 
suite of habitat attributes, suggesting competition avoidance (McCallum 1981).  
Furthermore, different microhabitat characteristics were used within the breeding 
habitats of the four species (pers. obs.).  Such segregation of breeding areas within 
colonies has also been noted in other procellariiform species (Harris 1974), and may 
serve to moderate inter-specific competition for breeding sites.   
However, climate change is predicted to have a detrimental effect on island 
breeding habitat in the region (Chambers et al. 2005; Dann and Chambers in review), 
potentially altering the distribution and composition of vegetation (Hughes 2003), 
and reducing island area due to sea-level rise (Chambers et al. 2011; Dann and 
Chambers in review).  Such changes may intensify competition for breeding habitat 
in this assemblage of seabirds in future and have important implications for the 
distribution, abundance, reproductive success and long-term persistence of seabird 
populations.   
In summary, the present study has shown that the breeding habitats of the 
various species are associated with a range of physical and floristic habitat features.  
The habitat used by the four species may reflect adaptations to a variety of biological 
and physical pressures.  While it is also possible that inter-specific competition plays 
a role, it is necessary to investigate the amount of available habitat relative to the 
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amount that is used in order to understand the influence of this further.  Furthermore, 
where possible, modelling count data, rather than converting burrow counts to 
binomial data, may elucidate other factors that are important to the various species.  
Future studies should also incorporate a measure of breeding success within different 
habitat types in order to gain a more comprehensive understanding of the impact of 
habitat quality on seabirds (Weerheim et al. 2003).  For example, Kokko et al. 
(2004) found that breeding success was correlated with nesting habitat quality.   If 
inexperienced individuals have not yet gained the knowledge to identify optimal 
breeding habitat or are prevented from occupying suitable breeding areas, the 
presence of individuals at a site may not necessarily indicate optimal breeding sites.  
These studies should be conducted in conjunction with population surveys of the 
various species to monitor population trends.   
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CHAPTER 5 
FORAGING NICHE DIVERGENCE IN AN ASSEMBLAGE OF 
SEABIRDS IN SOUTH-EASTERN AUSTRALIA 
 
 
 
 
Little penguin in water off Notch Island, January 2009 
 
 
 
 
          
A version of this chapter has been submitted for publication as: Schumann, N., Dann, 
P., and Arnould, J. P. Y. (in review). Foraging niche divergence in an assemblage of 
seabirds in south-eastern Australia. Marine Ecology Progress Series.  
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Abstract: The foraging niche of seabirds is driven by a variety of factors, including 
competition for prey, which promotes divergence in foraging niche.  Bass Strait, 
south-eastern Australia, is a key region for seabirds, with little penguins (Eudyptula 
minor), short-tailed shearwaters (Ardenna tenuirostris), fairy prions (Pachyptila 
turtur) and common diving-petrels (Pelecanoides urinatrix) particularly abundant in 
the region.  The trophic niches of these species were investigated using isotopic 
signatures in whole blood and by identifying prey remains in stomach contents.  The 
four species occupied different trophic niches which varied temporally and spatially, 
with little penguins consuming mainly fish whereas the three procellariiformes 
primarily consumed coastal krill (Nyctiphanes australis).  The dietary similarities 
between the procellariiformes suggest that food resources are segregated in other 
ways, with inter-specific differences in stable isotope signatures possibly reflecting 
differential consumption of key prey, as well as divergent foraging strategies and 
breeding phenologies.  Climate change is predicted to increase the prevalence of 
warm, oligotrophic water in Bass Strait, potentially reducing coastal krill availability, 
thereby adversely affecting seabird predators.  Information on foraging zones and 
feeding behaviour is required in order to elucidate foraging niches, the capacity of 
seabirds to adapt to climate change and the potential for inter-specific competition.   
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Introduction 
Seabirds are major consumers of marine biomass, and feed on a wide variety of fish, 
cephalopods and crustaceans (Croxall and Prince 1980; Ridoux 1994).  The foraging 
niche of seabirds is influenced by a range of factors, including environmental 
conditions (Waugh and Weimerskirch 2003), prey availability (Baird 1991), 
morphological characteristics and their influence on flight performance (Phillips et 
al. 2004; Phillips et al. 2005), and inter-sexual and inter-specific competition 
(González-Solís et al. 2008; Phillips et al. 2008).  The latter promotes foraging niche 
divergence since species occupying the same ecological niche cannot theoretically 
coexist through time (Hardin 1960; Schoener 1974).  Seabirds may separate their 
resources on several dimensions, with studies showing divergence in foraging zone 
(Waugh et al. 1999; Waugh and Weimerskirch 2003; González-Solís et al. 2008; 
Davies et al. 2009), diving depth (Phillips et al. 2008), the timing of breeding, and 
daily (Waugh and Weimerskirch 2003; Phillips et al. 2008) and seasonal patterns of 
activity (Phillips et al. 2008).  In particular, divergence in diet has been proposed as 
an important mechanism in reducing niche overlap (Croxall and Prince 1980; 
Harrison et al. 1983; Ridoux 1994; Surman and Wooller 2003). 
Bass Strait, the shallow continental shelf area between mainland Australia and 
Tasmania, is an important region for Australian seabirds.  It supports breeding 
populations of at least 18 species comprising a diverse range of taxa, including gulls, 
terns, cormorants, gannets, albatrosses, petrels, shearwaters and penguins, with more 
than 20.5 million individuals occupying the region (Ross et al. 2001).  The 
abundance and diversity of seabirds in Bass Strait suggests that they have a 
significant impact on the marine ecosystem.  However, it is not known whether, or 
how, they diverge in foraging niche.  Four species are particularly abundant in the 
region; little penguins (Eudyptula minor), short-tailed shearwaters (Ardenna 
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tenuirostris), fairy prions (Pachyptila turtur) and common diving-petrels 
(Pelecanoides urinatrix) are ubiquitous throughout Bass Strait, breeding 
sympatrically on numerous offshore islands (Brothers et al. 2001; Chapter 3).  While 
data are lacking for some species, others are known to feed on a range of fish, 
cephalopod and/or crustacean prey (Montague 1986; Schumann et al. 2008; 
Chiaradia et al. 2010). 
Despite its diversity and abundance of seabirds, Bass Strait is considered a 
region of low primary productivity (Gibbs et al. 1986; Gibbs et al. 1991; Gibbs 
1992) which occurs at the confluence of three primary ocean currents.  The warm, 
nutrient-poor waters of the East Australian Current (EAC) flow southward along the 
eastern edge of Bass Strait (Ridgeway and Godfrey 1997; Sandery and Kämpf 2007) 
while the South Australian Current (SAC) advects warm water from the west onto 
the shelf which then flows eastward through Bass Strait (Baines et al. 1991; Cirano 
and Middleton 2004; Sandery and Kämpf 2007).  The latter is the major source of 
Bass Strait water and while active throughout the year, is strongest in winter (Cirano 
and Middleton 2004; Ridgeway and Condie 2004; Sandery and Kämpf 2005; 
Sandery and Kämpf 2007).  In summer, a weakening or reversal of this eastward-
flowing trend occurs (Gibbs et al. 1986; Sandery and Kämpf 2007).  Finally, cold, 
nutrient-rich sub-Antarctic surface water (SASW) enters Bass Strait from the south 
(Gibbs 1992) where it mixes with the EAC and SAC in the east and west, 
respectively (Prince 2001).  Upwelling of SASW occurs along the shelf edges of 
Bass Strait (Gibbs et al. 1986; Evans and Middleton 1998), particularly to the west in 
the vicinity of the eastern Great Australian Bight (eGAB) in summer (Lewis 1981; 
Kämpf et al. 2004; McClatchie et al. 2006).  Here, productivity is higher than 
recorded elsewhere in Australia and comparable to the lower ranges of productivity 
in upwelling zones in the California, Humbolt and Benguela systems (Ward et al. 
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2006).  However, upwelling in the east, where enrichment is possible throughout the 
year (Prince 2001), is also important (Gibbs et al. 1986). 
The currents and upwelling systems of Bass Strait have important implications 
for seabirds.  Dense aggregations of an abundant ichthyofauna have been linked to 
upwelling along the Bass Strait shelf edges (Neira 2005; Ward et al. 2006).  These 
enriched, productive waters may be advected onto the Bass Strait shelf by ocean 
currents, resulting in the transportation of prey and nutrients into the region (Gibbs et 
al. 1986; Mickelson et al. 1992), thereby providing a proximate food source for 
seabirds and stimulating local productivity (Mickelson et al. 1992).  Indeed, higher 
zooplankton biomass has been reported in shallow, inshore waters of Bass Strait 
compared to waters near the shelf edge (Gibbs et al. 1991).   
The relative influence of the currents and upwelling systems affecting Bass 
Strait varies on a seasonal and inter-annual basis (Prince 2001; Sandery and Kämpf 
2005).  This is known to affect the reproductive success of seabirds in Bass Strait, 
presumably due to shifts in prey availability (Mickelson et al. 1992).  Climate change 
is predicted to have a profound effect on the ocean currents feeding into Bass Strait, 
potentially weakening the SAC (Feng et al. 2012) and markedly increasing the 
strength of the EAC, resulting in warming along the path of its strengthening (Cai et 
al. 2005).  This is likely to have a considerable impact on the marine ecosystem of 
Bass Strait.  Seabird assemblages in other parts of the world have shown differential 
responses to shifts in ocean regimes in parameters such as breeding success, 
population size and survivorship due, at least in part, to changes in prey availability 
(Croxall et al. 2002).   
Knowledge of the trophic relationships and diets of Bass Strait seabirds is 
crucial for predicting their population responses to environmental change.  This 
information is important for the conservation of these apex marine predators and for 
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the refinement of sustainable fisheries management practices in the region.  
However, at present, the trophic structure of the Bass Strait seabird community is 
poorly understood, with the prey and trophic positions of most pelagic species in the 
region not yet described or based on a few, localised studies that did not address 
spatial variation.  Given the various ocean currents that influence Bass Strait, spatial 
differences may be considerable.  Accordingly, the aims of this study were to 
determine the trophic niches of the four most abundant seabird species breeding 
within Bass Strait, as well as to investigate seasonal, inter-annual and geographic 
variation in the trophic niches of these species. 
 
Methods  
The study was conducted during the winters (July – August) of 2008 – 2010 and 
summers (January – February) of 2009 – 2011 in three regions of northern Bass 
Strait, south-eastern Australia (Fig. 5.1).  The trophic niches of little penguins, short-
tailed shearwaters, fairy prions and common diving-petrels were determined using a 
combination of complementary techniques.  Stomach samples were collected from 
the various species in north-central Bass Strait in order to assess the relative 
importance of prey species and trophic information was derived from stable isotope 
signatures in whole blood samples collected from seabirds in western, central and 
eastern Bass Strait (Fig. 5.1).  Mixing model analyses incorporating the dietary 
information derived from the present study were performed on stable isotope data to 
evaluate the relative contribution of key prey taxa to isotopic signatures.   
 
Stomach contents analyses 
Stomach contents analysis provides information on the composition and abundance 
of prey consumed (Duffy and Jackson 1986; Barrett et al. 2007), thereby enabling  
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Fig. 5.1. Location of study sites where samples were collected. 
 
Lady Julia Percy Island 
Norman Island 
Kanowna & Anser Islands 
Notch Island 
Gabo Island 
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the contribution of important prey species to blood stable isotope signatures to be 
evaluated.  Stomach samples were collected from the four seabird species on Notch 
(38°56’S, 146°37’E) and Kanowna (39°10’S, 148°16’E) Islands in central Bass 
Strait (Fig. 5.1).  Common diving-petrels were sampled in winter, little penguins 
were sampled in both winter and summer, and fairy prion and short-tailed shearwater 
diet samples were collected in summer only.  Due to logistic constraints and few 
individuals onshore in some years, it was not possible to sample all species in the 
same year.   
Birds were captured as they came ashore at night after foraging at sea and 
initially kept in cotton bags before being placed in boxes until sampling.  With the 
exception of the final season of sampling for each species, procellariiformes were 
banded and little penguins micro-chipped in order to avoid collecting stomach 
contents from any individual more than once.  Diet samples were collected using the 
water offloading technique, with little penguins flushed a maximum of three times 
(Chiaradia et al. 2003) and all other species flushed no more than twice.  
Immediately after flushing, birds were given an electrolyte solution of Vytrate or 
Lectade (Jurox Pty Ltd, NSW), and placed back into boxes for monitoring and 
recovery (Chiaradia et al. 2003).  Little penguins and short-tailed shearwaters were 
also provided with a meal of homogenised pilchard (purchased snap-frozen and 
unsalted) immediately before release, delivered via a stomach tube.  When birds 
were deemed sufficiently recovered, they were released into empty burrows.   
Diet samples were frozen (-20ºC) or stored in 70 % ethanol after collection.  In 
the laboratory, frozen samples were thawed and all recognisable prey remains 
removed for identification under a dissecting microscope.  Crustacean remains were 
stored in 70 % ethanol while fish and cephalopod remains were stored dry following 
analysis.   Crustacean remains were initially identified to order or family level with 
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reference to Ritz et al. (2003).  Hyperiid amphipods were identified to lower 
taxonomic levels where possible by Dr Wolfgang Zeidler (South Australian 
Museum, Adelaide, Australia) and all other crustacean species by Dr Shane Ahyong 
(Australian Museum, Sydney, Australia).  Sagittal otoliths, scales, fish mouth parts 
and cephalopod beaks were identified by comparison to reference atlases (Neira et al. 
1998; Lu and Ickeringill 2002; Furlani et al. 2007) and collections (held by Phillip 
Island Nature Parks, Australia, and Deakin University, Australia).   
To estimate the numerical abundance of crustacean prey, the heads of 
amphipods and whole bodies of copepods, isopods and crab megalopa were counted 
directly while individual eyes of krill and stomatopods were counted and divided by 
two.  Left and right otoliths were counted and the side comprising the greater number 
considered representative of the minimum number of each fish taxon per sample.  
Where otoliths were unidentifiable, their abundance was halved and rounded to the 
nearest number.  Similarly, the higher number of upper or lower beaks in a sample 
was used to estimate the abundance of cephalopods and only unbroken beaks were 
measured to estimate size (Tollit et al. 1997).  Hard prey remains that could not be 
quantified, such as fish scales, were assigned a numerical abundance of one.  The 
frequency of occurrence of prey remains was calculated as the proportion of samples 
with identifiable prey remains in which a particular prey type occurred while the 
numerical abundance was expressed as the mean number of each prey taxon 
encountered in samples.   
 
Stable isotope analyses 
Stomach contents analysis is constrained to recently ingested prey and may be biased 
by differential digestion of different prey types (Duffy and Jackson 1986).  Stable 
nitrogen (δ15N) and carbon (δ13C) values in tissue have been used to infer the diet of 
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a range of marine species (Hobson and Welch 1992; Hobson 1993; Cherel et al. 
2007; Arnould et al. 2011).  Stable isotope signatures of δ15N in tissue show 
enrichment with increasing trophic levels (Hobson et al. 1994), while δ13C values 
allow discrimination between benthic and pelagic prey (e.g., France 1995; Cherel et 
al. 2007), and inshore and offshore feeding (Hobson et al. 1994) since the isotopic 
signature of particulate organic matter (POM), and the trophic levels based upon it, 
varies spatially (e.g., Hobson et al. 1994; Trull and Armand 2001; Cherel et al. 
2007).  Information derived from whole blood, used in the present study, reflects 
dietary integration of approximately four weeks (Bearhop et al. 2002).   
Blood samples (< 0.2 ml) were collected from seabirds resident in western 
(Lady Julia Percy Island: 38°25’S, 142°00’E), central (Notch, Kanowna, Norman: 
39°02’S, 146°12’E and Anser Islands: 39°09’S, 146°18’E) and eastern Bass Strait 
(Gabo island: 37°34’S, 149°55’E), thereby enabling dietary inferences to be made 
over a broad area.  Common diving-petrels were sampled in winter, little penguins 
and fairy prions were sampled in both winter and summer, and blood samples of 
short-tailed shearwaters were collected in summer only.  Seabirds were captured as 
they returned to their nesting burrows at night or taken from their burrows during the 
day.  Little penguins and short-tailed shearwaters were captured by hand, common 
diving-petrels were captured in mist nets, and fairy prions were captured by hand or 
using hand nets as they approached their burrows.  Upon capture, blood was 
collected into a heparinised syringe via venipuncture of the tarsal vein or an inter-
digital vein in the foot.   
Blood samples were stored frozen (-20ºC) and prior to analysis, oven dried 
(60ºC) and homogenised using a mortar and pestle.  Isotope ratios in whole blood 
were measured using a continuous-flow isotope ratio mass spectrometer, with 
analyses conducted by the Isotope Ratio Mass Spectrometry service in the Research 
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School of Biology, Australian National University (Canberra, Australia).  The 
signatures of stable isotopes abundances were expressed in δ-notation as the 
deviation from standards in parts per thousand according to the equation: 
 
δX = [(Rsample/Rstandard) – 1] x 1000 
 
where X is 15N or 13C and R represents the corresponding 15N/14N or 13C/12C ratios 
(Hobson et al. 1994).  Rstandard values were based on PeeDee Belemnite for 13C, and 
atmospheric nitrogen (N2) for 15N.  Based on variation between repeats of a standard 
material, measurement error was estimated to be ± 0.2 and ± 0.15 ‰ for δ15N and 
δ13C, respectively.  Geographic and inter-annual differences in stable isotope 
signatures were compared by conducting analyses of variance (ANOVA) and t-tests, 
or Kruskal-Wallis and Wilcoxen rank sum tests where transformations did not 
improve data distributions.  Statistical comparisons were performed in the R 
statistical environment (version 2.12.2, R Development Core Team 2011).  
 
Diet reconstruction using mixing model analysis 
The relative contribution of key prey taxa to isotopic signatures of the various 
seabird species was assessed using Stable Isotope Analysis in R (SIAR, version 4.2, 
Parnell et al. 2010).  This is a form of multisource mixing model analysis conducted 
within a Bayesian framework that allows the specification of dietary information to 
guide the model (Parnell et al. 2010).  Key prey species, considered those that 
contributed ≥ 1 % of the mean numerical abundance to the diet in the present study, 
were entered into models.  However, since the diets of seabirds may vary through 
time (Sydeman et al. 2001), SIAR analyses combining dietary information on key 
prey from both the present study and earlier studies in the region (Montague 1986; 
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Montague 1988; Cullen et al. 1992; Weimerskirch and Cherel 1998; Chiaradia et al. 
2003; Chiaradia et al. 2010) were also conducted.  These were limited to summer 
diets of little penguins and short-tailed shearwaters since detailed published 
information is lacking for fairy prions and because the only previous dietary study of 
common diving-petrels in Australia (Schumann et al. 2008) gave similar results to 
the present study.  
SIAR requires information on the mean isotopic value of prey and their 
standard deviation, as well as trophic enrichment factors (TEF).   Since there were no 
TEF available for the species considered in the present study, means and standard 
deviations of TEF in whole blood of five and four other seabird species for δ13C and 
δ15N, respectively, in (Bond and Jones 2009) were used.  This resulted in a TEF of 
2.858 ± 0.5596 (SD) and 0.0025 ± 0.8076 for δ15N and δ13C, respectively.  Stable 
isotope signatures in prey were obtained from published values in Davenport and 
Bax 2002, Cherel et al. 2005, Cherel et al. 2008, Chiaradia et al. 2010, 
Guggenheimer 2012 and Stowasser et al. 2012.  Since there were no stable isotope 
signatures available for hyperiid amphipods in Bass Strait, SIAR models of common 
diving-petrels were based on Themisto gaudichaudii in Cherel et al. (2005). 
 
Results 
Stomach contents of seabirds 
Stomach content samples were obtained from individuals between August 2008 and 
January 2011.  Samples were collected from little penguins in winter 2008 and 
summer 2009, from short-tailed shearwaters in summer 2009 and 2010, from fairy 
prions in summer 2011 and from common diving-petrels in winter 2008 and 2009.  
Overall, 79, 84, 95 and 40 % of little penguin, short-tailed shearwater, fairy prion and 
common diving-petrel samples, respectively, contained identifiable prey remains.   
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Samples of the various seabird species contained remains of a range of fish, 
cephalopod and crustacean prey.  Due to the partial digestion of prey remains, 
several taxa could not be identified to species level and were, therefore, classified to 
the lowest taxonomic level possible.  Crustacean remains, comprising isopods, 
amphipods and/or copepods were ingested by little penguins.  Given the small size of 
crustaceans (whole specimens were < 18 mm in length) and the observation that jack 
mackerel (Trachurus declivis) may harbour parasitic isopods (Maxwell 1982), it is 
unlikely that these were targeted prey items of little penguins and were excluded 
from further dietary analyses of this species.  Little penguins consumed mainly jack 
mackerel in winter and Australian anchovy (Engraulis australis) in summer, though 
high numbers of post-larval fish were also ingested in summer (Table 5.1). 
The diets of all three procellariiform species were dominated by euphausiids, 
particularly coastal krill (Nyctiphanes australis) which represented 92 – 96 % of the 
mean number of prey items consumed by these species (Table 5.2).  Other important 
prey taxa included a Thysanoessa euphausiid species and the hyperiid amphipod, 
Themisto gaudichaudii, for short-tailed shearwaters, the megalopa stage of a 
swimming crab species (Ovalipes sp.) for fairy prions and hyperiid amphipods for 
common diving-petrels (Table 5.2).   
 
Stable isotope signatures 
Blood samples were collected from all four species on Lady Julia Percy Island in 
western Bass Strait and islands in central Bass Strait, and from little penguins and 
short-tailed shearwaters from Gabo Island in north-eastern Bass Strait.  A total of 
278 (167 in summer, 111 in winter), 177 (summer only), 88 (66 in summer, 22 in 
winter) and 38 (winter only) stable isotope profiles were obtained from little 
penguins, short-tailed shearwaters, fairy prions and common diving-petrels, 
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Table 5.1. Frequency of occurrence (FOO) and mean numerical abundance (NA) per sample ± SE of taxa recovered from little penguin stomach 
samples at Notch Island in central Bass Strait in winter and summer. 
 
Prey taxa 
August 2008 (n = 20) January 2009 (n = 22) 
FOO  NA per sample FOO  NA per sample 
n % n   % n % n  % 
Fish  20 100 13.2 ± 1.6 79.7 22 100 9.7 ± 3.2 68.8 
   Jack mackerel (Trachurus declivis) 19 95 11.4 ± 1.7 69.1 1 4.5 0.05 ± 0.05 0.3 
   Pilchard (Sardinops sagax) 5 25 0.3 ± 0.1 1.5 11 50 0.9 ± 0.2 6.1 
   Southern sea garfish (Hyporhamphus melanochir) 4 20 0.3 ± 0.1 1.5 - - - - 
   Australian anchovy (Engraulis australis) 3 15 0.2 ± 0.1 0.9 19 86.4 4.5 ± 0.8 32.2 
   Silverbelly (Parequula melbournensis) 1 5 0.1 ± 0.1 0.3 - - - - 
   Postlarval fish - - - - 3 13.6 3.3 ± 3.1 23.2 
   Postlarval pipefish/seahorse (family Syngnathidae) - - - - 1 4.5 0.1 ± 0.1 0.6 
   Barracouta (Thyrsites atun) - - - - 5 22.7 0.3 ± 0.1 1.9 
   Blue sprat (Spratelloides robustus) - - - - 1 4.5 0.05 ± 0.05 0.3 
   Pilchard/anchovy (order Clupeiformes) - - - - 1 4.5 0.05 ± 0.05 0.3 
   Gemfish/barracouta (family Gempylidae) - - - - 1 4.5 0.05 ± 0.05 0.3 
   Unidentified fish 
 
8 40 1.1 ± 0.6 6.4 8 36.4 0.5 ± 0.2 3.5 
Crustaceans 13 65 3.0 ± 1.9 18.2 13 59.1 3.3 ± 0.9 23.5 
   Cymothoid  Isopod (Ceratothoa imbricata) 12 60 3.0 ± 1.9 17.9 - - - - 
   Cirolanid Isopod (Eurydice tarti) - - - - 4 18.2 0.05 ± 0.03 3.2 
   Amphipod sp. - - - - 2 9.1 0.1 ± 0.1 0.6 
   Copepod sp. - - - - 1 4.5 0.05 ± 0.05 0.3 
   Unidentified crustaceans 
 
1 5 0.1 ± 0.1 0.3 13 59.1 2.7 ± 0.9 19.3 
Cephalopods 6 30 0.4 ± 0.1 2.1 4 18.2 1.1 ± 1.0 7.7 
   Gould's squid (Nototodarus gouldi) 6 30 0.4 ± 0.1 2.1 3 13.6 0.1 ± 0.1 1 
   Unidentified cephalopods - - - - 1 4.5 1.0 ± 1.0 6.6 
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Table 5.2. Frequency of occurrence (FOO) and mean numerical abundance (NA) per sample ± SE of taxa recovered from seabirds in central Bass 
Strait in winter (common diving-petrels) and summer (short-tailed shearwaters and fairy prions).  Short-tailed shearwater samples in 2009 were 
collected on Notch Island while samples from all other species were collected on Kanowna Island.   
  
Prey taxa 
Short-tailed shearwater Fairy prion Common diving-petrel 
Total for 2009 (n = 25) – 2010 (n = 26) Total for 2011 (n = 20) Total for 2008 (n = 3) - 2009 (n = 3) 
FOO NA per sample FOO NA per sample FOO NA per sample 
n % n % n % n % n % n % 
Fish 22 43.1 5 ± 3.2 0.9 5 25 0.4 ± 0.02 0.03 - - - - 
   Post-larval fish 21 41.2 4.9 ± 3.2 0.9 2 10 0.2 ± 0.1 0.01 - - - - 
   Blue warehou (Seriolella brama) 1 2 0.02 ± 0.02 0.003 - - - - - - - - 
   Cod sp. (Pseudophycis sp.) - - - - 1 5 0.1 ± 0.1 0.01 - - - - 
   Unidentified adult fish 
 
3 5.9 0.1 ± 0.1 0.01 2 10 0.1 ± 0.1 0.01 - - - - 
Crustaceans 50 98 570 ± 117.4 99 20 100 1289.2 ± 114.4 99.97 6 100 27.8 ± 15.9 100 
   Coastal krill (Nyctiphanes australis) 45 88.2 552.6 ± 117.8 96 20 100 1205.7 ± 114.6 93.5 4 66.7 25.5 ± 15.4 91.6 
   Hyperiid amphipod (Themisto gaudichaudii) 8 15.7 6.4 ± 3.3 1.1 - - - - - - - - 
   Euphausiid (Thysanoessa sp.) 2 3.9 7.6 ± 7.6 1.3 - - - - - - - - 
   Synopiid amphipod (Telsosynopia trifidilla) 2 3.9 0.1 ± 0.1 0.01 4 20 0.3 ± 0.2 0.02 - - - - 
   Copepod (order Calanoida) 2 3.9 0.1 ± 0.1 0.02 - - - - - - - - 
   Juvenile isopod (Family Idoteidae?) 1 2 0.02 ± 0.02 0.003 - - - - - - - - 
   Swimming crab megalopa (Ovalipes sp.) 5 9.8 0.7 ± 0.4 0.1 20 100 75.8 ± 20.8 5.9 - - - - 
   Hyperiid amphipod (Themisto australis) 2 3.9 0.1 ± 0.04 0.01 - - - - - - - - 
   Spider crab megalopa (Family Majidae) 1 2 0.1 ± 0.1 0.02 - - - - - - - - 
   Stomatopod larvae (Family Lysiosquilloidea) 1 2 0.02 ± 0.02 0.003 13 65 6.2 ± 3.5 0.5 - - - - 
   Hyperiid amphipod sp. - - - - 6 30 0.4 ± 0.2 0.03 2 33.3 1.2 ± 1.0 4.2 
   Unidentified amphipod sp. - - - - 2 10 0.2 ± 0.1 0.01 - - - - 
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Table 5.2. contin. 
 
  
Prey taxa 
Short-tailed shearwater Fairy prion Common diving-petrel 
Total for 2009 (n = 25) – 2010 (n = 26) Total for 2011 (n = 20) Total for 2008 (n = 3) - 2009 (n = 3) 
FOO Mean NA FOO  NA per sample  FOO  NA per sample 
n % n  % n % n  % n % n  % 
   Cirolanid Isopod (Eurydice tarti) - - - - 2 10 0.4 ± 0.3 0.03 - - - - 
   Unidentified crustaceans 
 
6 11.8 2.3 ± 2.1 0.4 2 10 0.3 ± 0.3 0.02 2 33.3 1.2 ± 0.8 4.2 
Cephalopods 9 17.6 0.5 ± 0.2 0.1 - - - - - - - - 
   Squid sp. (order Teuthoidea) 7 13.7 0.2 ± 0.1 0.03 - - - - - - - - 
   Gould's squid (Nototodarus gouldi) 1 2 0.1 ± 0.1 0.01 - - - - - - - - 
   Unidentified cephalopod 2 3.9 0.2 ± 0.2 0.03 - - - - - - - - 
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respectively.   
Overall, stable isotope signatures in whole blood of seabirds showed intra-
specific variation between years and regions (Fig. 5.2).  Inter-annual differences in 
little penguins, short-tailed shearwaters and fairy prions could be investigated in 
summer, and in little penguins and common diving-petrels in winter.  In summer, 
significant inter-annual differences were recorded in all species in most regions (P ≤ 
0.002 in all cases, Fig. 5.2).  The only exception occurred in δ13C in blood of short-
tailed shearwaters in central Bass Strait (F2, 57 = 0.33, P = 0.07) where there were no 
significant differences between years.  In winter, δ15N and δ13C values in little 
penguins (δ15N: F2, 44 = 24.83, P < 0.001; δ13C: H = 23.4, df = 2, P < 0.001), and 
δ15N in common diving-petrels (H = 11.03, df = 2, P = 0.004), differed significantly 
between years in central Bass Strait.  In contrast, there were no significant inter-
annual differences in δ13C values in blood of common diving-petrels in central Bass 
Strait (H = 3.91, df = 2, P = 0.14) or in δ15N and δ13C values of little penguins in 
western (δ15N:  H = 0.78, df = 2, P = 0.68; δ13C: H = 2.82, df = 2, P = 0.24) and 
eastern Bass Strait (δ15N: t = 0.78, df = 27.8, P = 0.44; δ13C: W = 23,  P = 0.44).  No 
inter-annual comparisons could be made for common diving-petrels in western Bass 
Strait.  
Geographic variation in isotopic signatures of blood could be assessed for little 
penguins, short-tailed shearwaters and fairy prions in summer, and for little penguins 
and common diving-petrels in winter (Fig. 5.2).  Small sample size precluded an 
inter-regional comparison of fairy prions in winter.  Isotopic values of blood of most 
species showed geographic differences between regions in most years (Fig. 5.2), with 
δ13C values differing between regions in all cases in summer (P ≤ 0.009 in all cases), 
in little penguins in winter 2009 and 2010 (P < 0.001 in both cases) and in common  
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Fig. 5.2. δ15N and δ13C (mean ± SE) in blood of seabirds collected in summer, 2009 – 2011 and 
winter 2008 – 2010 from western (a), central (b) and eastern (c) Bass Strait (little penguins: LP, 
short-tailed shearwaters: STSW, fairy prions: FP, and common diving-petrels: CDP). 
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diving-petrels in 2010 (P < 0.001).  Likewise, geographic differences in δ15N values 
occurred in little penguins in 2009 and 2011 in summer, and in 2009 and 2010 in 
winter (P < 0.001 in all cases), while δ15N values of fairy prions showed significant 
geographic differences in both years of comparison (P ≤ 0.002).  Inter-regional 
differences were most pronounced in little penguins where mean δ15N values differed 
by 2.5 ‰ between eastern and western Bass Strait in summer, and up to 1.9 ‰ 
between regions in winter, as well as in fairy prions with mean δ15N values varying 
by up to 1.9 ‰ (Fig. 5.2).  However, δ15N values in short-tailed shearwaters did not 
differ significantly between regions in any year (2009: F2, 53 = 0.8, P = 0.45; 2010: 
F2, 57 = 2.2, P = 0.12; 2011: F2, 58 = 1.06, P = 0.35), with maximum inter-regional 
differences of 0.3 ‰ recorded (Fig. 5.2).  Likewise, there were no significant 
geographic differences in isotopic values of δ15N in blood of little penguins in 
summer 2010 (F2, 57 = 1.55, P = 0.22) or in δ13C values in winter 2008 (F2, 27 = 1.33, 
P = 0.28).   
Overall, the four species occupied different trophic niches and the isotopic 
signatures of several species were apparently lower than that of their prey (Figs. 5.2 
and 5.3).  In summer, short-tailed shearwaters fed at lower trophic levels than all 
other species, with blood of this species the least enriched in δ15N in each region in 
all three years (Fig. 5.2).  Likewise, mean δ13C values were consistently lower than 
those of the other species in each year and region.  In contrast, mean δ15N values in 
blood of little penguins typically showed the greatest enrichment in both winter and 
summer, though this varied between regions and years (Fig. 5.2).  Isotopic δ13C 
values in blood of little penguins and fairy prions were relatively similar, though 
tended to be higher than those of common diving-petrels in winter, particularly in 
   
 148 
 
 
 
 
 
Barracouta
Garfish
Jack mackerelKrill
Pilchard
Post-larval fish
Anchovy
Thysanoessa sp.
Amphipod
0
2
4
6
8
10
12
14
16
18
-23.5 -23.0 -22.5 -22.0 -21.5 -21.0 -20.5 -20.0 -19.5 -19.0 -18.5 -18.0
δ13C (o/oo)
δ1
5 N
 (o
/oo
)
 
Fig. 5.3. Stable isotope values in (Davenport and Bax 2002; Cherel et al. 2005; Chiaradia 
et al. 2010; Guggenheimer 2012; Stowasser et al. 2012) of key prey consumed by seabirds 
in the present study.  Amphipod values are based on T. gaudichaudii and krill refers to 
coastal krill.  
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central Bass Strait (Fig. 5.2).   
 
Diet reconstruction using mixing model analysis 
The dietary information derived from the present study was incorporated into mixing 
models using SIAR to evaluate the contribution of key prey taxa to isotopic 
signatures of the various seabird species.  Overall, the results of the mixing model 
analyses indicated that the relative importance of key prey items showed 
considerable inter-annual, seasonal and geographic differences (Tables 5.3 and 5.4).  
For example, SIAR modelling predicted that pilchard (Sardinops sagax) contributed 
the greatest proportion to the winter diet of little penguins in eastern Bass Strait in 
2009, and in eastern and western Bass Strait in 2010, with Gould’s squid 
(Nototodarus gouldi) representing only 6 – 7 % of the diet at these locations in 2009 
and 2010.  However, with a diminished contribution of pilchard in central Bass Strait 
in both years, Gould’s squid increased in importance, representing 34 – 41 % of the 
diet (Table 5.3, Fig. 5.4).  In contrast, key prey taxa were consumed by this species 
in relatively consistent proportions in each region and year in summer, though some 
variation was evident, with, for example, the predicted contribution of anchovy 
varying between 6 and 20 %, and post-larval fish representing an estimated 14 – 36 
% of the diet (Table 5.3). 
SIAR also predicted that dominant prey species contributed a smaller 
proportion to the diet while the contributions of less important prey taxa were 
elevated.  For example, although stomach contents analysis indicated that coastal 
krill represented 96 % of the diet of short-tailed shearwaters, the contribution to the 
diet of this species predicted by SIAR models diminished to 24 – 52 % (Table 5.4).  
Instead, the hyperiid amphipod, T. gaudichaudii, increased in importance, frequently 
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Table 5.3. Mean relative proportions (%) of key prey taxa from mixing models based on 
stable isotope signatures of whole blood in little penguins.  Date ranges represent winter – 
summer.  Values in parentheses are 95 % credibility intervals (lower – upper).  
Year Prey species Western Central Eastern 
  Summer Winter Summer Winter Summer Winter 
2008 - 2009 Anchovy 19.6  
(1.3 - 35) 
- 15.1 
(3.5 – 26) 
- 8.2 
(0 – 22) 
- 
 Pilchard 15.6  
(0 - 31) 
36.8 
(6.8 – 65) 
18.3 
(4.9 – 31) 
30.5 
(19 – 42) 
22.9 
(0 – 45) 
- 
 Barracouta 25.5  
(7.4 - 43) 
- 19.8 
(8.6 – 31) 
- 16.4 
(0 – 33) 
- 
 Post-larval fish 14.2  
(1.4 - 26) 
- 22.7 
(14 – 32) 
- 35.7 
(19 – 53) 
- 
 Gould’s squid 25.1  
(2.4 - 45) 
20.3 
(0 – 42) 
24.1 
(9.5 – 38) 
18.6 
(3.4 – 35) 
 
16.8 
(0 – 38) 
- 
 Jack mackerel - 23.3 
(0.2 – 44) 
-  28.0 
(6.6 – 48) 
-  - 
 Garfish - 19.6 
(0 – 41) 
- 22.8 
(1.9 – 41) 
- - 
2009 - 2010 Anchovy 6.2 
(0 – 18) 
- 12.4 
(0.4 – 24) 
- 10.4 
(0 – 21) 
- 
 Pilchard 19.6 
(0 – 40) 
35.9 
(3.7 – 63) 
22.7 
(6.1 – 38) 
22.6 
(15 – 30) 
16.6 
(1.1 – 31) 
55.3 
(40 – 69) 
 Barracouta 23.4 
(4.6 – 40) 
- 12.6 
(0.3 – 24) 
- 16.5 
(2.7 – 30) 
- 
 Post-larval fish 34.5 
(19 – 50) 
- 30.2 
(20 – 41) 
- 31.8 
(22 – 42) 
- 
 Gould’s squid 16.3 
(0 – 38) 
24.5 
(0 – 48) 
22.0 
(3.7 – 39) 
41.2 
(27 – 56) 
24.8 
(5.4 – 43) 
7.2 
(0 - 19) 
 Jack mackerel -  20.5 
(0 – 43) 
- 15.1 
(1.8 – 28) 
- 25.0 
(6.7 – 41) 
 Garfish - 19.2 
(0 – 42) 
- 21.1 
(7.1 – 35) 
- 12.4 
(0 – 28) 
2010-2011 Anchovy 16.7 
(2.3 – 30) 
- 15.8 
(1.3 – 29) 
- 11.2 
(0 – 23) 
- 
 Pilchard 14.2 
(0.3 – 28) 
56.3 
(48 – 65) 
17.8 
(1.1 – 32) 
39.8 
(32 – 47) 
17.3 
(1.3 – 32)  
52.8 
(45 – 61) 
 Barracouta 23.7 
(9.9 – 37) 
- 21.7 
(6.8 – 35) 
- 15.4 
(1.3 – 28) 
- 
 Post-larval fish 18.8 
(8.0 – 29) 
- 21.8 
(11 – 33) 
- 31.6 
(21 – 42) 
- 
 Gould’s squid 26.6 
(8.0 – 45) 
6.5 
(0 – 16) 
22.9 
(4.1 – 40) 
34.0 
(21 – 47) 
24.5 
(4.8 – 42) 
6.2 
(0 – 15) 
 Jack mackerel -  26.4 
(8.2 – 43) 
- 13.6 
(1.2 – 25) 
-  28.7 
(13 – 44) 
 Garfish - 10.8 
(0 – 25) 
- 12.6 
(0.6 – 24) 
- 12.3 
(0 – 25) 
   
 151 
Table 5.4. Mean relative contribution (%) of key prey species to stable isotope signatures of whole blood in the three procellariiform species 
based on SIAR analyses in winter – summer (short-tailed shearwaters: STSW, fairy prions: FP, and common diving-petrels: CDP).  Date ranges 
represent winter – summer and values in parentheses are 95 % credibility intervals (lower – upper).  
Year Prey species Western Central Eastern 
  STSW FP CDP STSW FP CDP STSW 
  Summer Summer Winter Winter Summer Summer Winter  Winter Summer 
2008 – 2009 Coastal krill 45.3 
(38 – 52) 
78.2 
(65 – 92) 
- - 42.4 
(36 – 48) 
- - 75.4 
(69 – 83) 
32.8 
(25 – 40) 
 Hyperiid amphipod 44.0 
(37 – 51) 
- - - 48.3 
(42 – 55) 
- - 24.6 
(17 – 31) 
36.4 
(28 – 45) 
 Thysanoessa sp. 10.6 
(0 – 22) 
- - - 9.3 
(0.3 – 18) 
- - - 30.8 
(17 – 45) 
 Megalopa - 21.8 
(7.8 – 35) 
- - - - - - - 
2009 - 2010 Coastal krill 24.1 
(16 – 32) 
76.1 
(60 – 93) 
- - 37.3 
(31 – 43) 
29.1 
(9.4 – 51) 
- 95.3 
(90 – 100) 
38.5 
(32 – 45) 
 Hyperiid amphipod 43.3 
(34 – 53) 
- - - 53.8 
(47 – 60)  
- - 4.7 
(0 – 11) 
50.4 
(43 – 57) 
 Thysanoessa sp. 32.6 
(18 – 48) 
- - - 9.0 
(0.2 – 18) 
- - - 11.1 
(0.4 – 22) 
 Megalopa - 23.9 
(7.3 – 40) 
- - - 70.9 
(49 – 90) 
- - - 
2010 - 2011 Coastal krill 47.5 
(41 – 53) 
47.1 
(35 – 59) 
23.8 
(5.7 – 43) 
72.1 
(67 – 77) 
48.9 
(43 – 55) 
68.4 
(62 – 75) 
42.1 
(20 – 64) 
77.0 
(74 – 80) 
51.8 
(44 – 58) 
 Hyperiid amphipod 43.0 
(36 – 49) 
- - 27.9 
(23 – 33) 
40.5 
(34 – 47) 
- - 23.0 
(20 – 26) 
40.3 
(34 – 46) 
 Thysanoessa sp. 9.6 
(0.3 – 19) 
- - - 10.6 
(0.5 – 20) 
- - - 7.9 
(0 – 19) 
 Megalopa - 52.9 
(41 – 65) 
76.2 
(57 – 94) 
- - 31.6 
(25 – 38) 
57.9 
(36 – 80) 
- - 
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Fig. 5.4. Results of SIAR modelling (95, 75 and 25 % credibility intervals) showing the estimated proportion of key prey species to the diet of little 
penguins in western (a), central (b) and eastern (c) Bass Strait in winter, 2010.  Prey species included in analyses are pilchard, jack mackerel 
(JackMack), Gould’s squid (Gsquid), and southern sea garfish (Garfish).  
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contributing the most to the diet (Fig. 5.5).  The estimated contribution of the 
Thysanoessa euphausiid also increased in eastern Bass Strait in summer 2009 and 
western Bass Strait in summer 2010 (Table 5.4, Fig. 5.5).  The decrease in the 
importance of coastal krill also occurred in fairy prions and common diving-petrels, 
with the predicted contribution of other key prey taxa increasing to a maximum of 71 
% for megalopa consumed by fairy prions and 28 % for hyperiid amphipods ingested 
by common diving-petrels.  However, this was not always the case, with the 
estimated contribution of coastal krill to the diet of common diving-petrels elevated 
in winter 2009 in central Bass Strait (Table 5.4).   
Additional species included in SIAR models from published data were red cod 
(Pseudophycis bachus), blue warehou (Seriollela brama) and coastal krill for little 
penguins, and sub-Antarctic krill (Euphausia vallentini) and myctophids 
(Krefftichthys anderssoni) for short-tailed shearwaters.  When including these prey 
species into SIAR models of little penguin and short-tailed shearwater diets, the 
relative estimated proportion of key prey taxa in the present study declined (Table 
5.5).  In little penguins, these decreases were typically small, though anchovy and 
barracouta (Thyrsites atun) showed substantial reductions in importance.  In short-
tailed shearwaters, however, these reductions were more pronounced, particularly for 
coastal krill and hyperiid amphipods (T. gaudichaudii) which decreased by up to 23 
and 41 %, respectively.  The estimated importance of prey taxa of this species also 
showed more variation when including prior dietary information, with myctophids 
representing 14 – 51 % of the diet of this species, while coastal krill and sub-
Antarctic krill ranged between 7 and 33 %, and 7 and 20 %, respectively (Table 5.5).  
In contrast, the predicted importance of different prey taxa of little penguins showed 
less variation than models based on the present study only, though some inter-annual 
and regional differences were evident (Table 5.5).  However, it is not possible to
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Fig. 5.5. Results of SIAR modelling (95, 75 and 25 % credibility intervals) showing the estimated proportion of key prey species to the diet of short-
tailed shearwaters in western (a), central (b) and eastern (c) Bass Strait in summer, 2010.  Prey species included in analyses are coastal krill (krill), the 
hyperiid amphipod, T. gaudichaudii (amphipod), and a Thysanoessa euphausiid (Thysanoess). 
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Table 5.5. Mean relative contribution (%) of key prey taxa from the present study and 
previous studies to stable isotope signatures of whole blood in little penguins and short-tailed 
shearwaters based on SIAR analyses in summer.  Values in parentheses represent 95 % 
credibility intervals (lower – upper).  Stable isotope values of red cod and blue warehou were 
obtained from Chiaradia et al. (2010), Euphausia vallentini from Cherel et al. (2005), and the 
myctophid is based on Krefftichthys anderssoni in Cherel et al. (2008). 
  Little penguin Short-tailed shearwater 
Year Prey species Western Central Eastern Western Central Eastern 
2009 Anchovy 12.2  
(0.4 – 23) 
7.3 
(0 -16) 
5.8 
(0 – 16) 
- - - 
 Pilchard 10.8  
(0 – 22) 
12.7 
(1.2 – 23) 
18.0 
(0 – 39) 
- - - 
 Barracouta 14.3  
(1.2 – 25) 
12.8 
(2.3 – 23) 
8.6 
(0 – 21) 
- - - 
 Red cod 14.8  
(0.3 – 27) 
12.8 
(0.2 – 25) 
6.9 
(0 – 18) 
- - - 
 Blue warehou 9.9  
(0 – 20) 
6.8 
(0 – 15) 
7.5 
(0 – 20) 
- - - 
 Post-larval fish 10.4  
(0.9 – 19) 
20.0 
(13 – 28) 
34.2 
(19 – 49) 
9.3 
(0 – 24) 
5.6 
(0 – 14) 
3.3 
(0 – 9.9) 
 Gould’s squid 14.5  
(0.4 – 27) 
15.5 
(21 – 28) 
10.7 
(0 – 26) 
- - - 
 Coastal krill 13.2  
(0 – 26) 
12.2 
(0.1 – 24) 
8.1 
(0 – 22) 
28.2 
(13 – 43) 
23.9 
(11 – 36) 
9.9 
(0 – 25) 
 Hyperiid amphipod - - - 16.3 
(0.49 – 30) 
18.7 
(2.2 – 34) 
12.8 
(0 – 25) 
 Thysanoessa sp. - - - 7.2 
(0 – 16) 
4.8 
(0 – 11) 
16.6 
(0.2 – 31) 
 Euphausia vallentini - - - 10.6 
(0 – 23) 
12.0 
(0.3 – 24) 
6.9 
(0 – 16) 
 Myctophid - - - 28.4 
(7.2 – 49) 
35.1 
(17 – 54) 
50.5 
(19 – 79) 
2010 Anchovy 5.4 
(0 – 15) 
6.1 
(0 – 15) 
5.8 
(0 – 14) 
- - - 
 Pilchard 16.2 
(0 – 36) 
17.3 
(1.2 – 32) 
12.5 
(0.3 – 24) 
- - - 
 Barracouta 14.1 
(0 – 29) 
7.2 
(0 – 16) 
7.9 
(0 – 17) 
- - - 
 Red cod 6.2 
(0 – 17) 
9.3 
(0 – 22) 
11.7 
(0 – 25) 
- - - 
 Blue warehou 7.0 
(0 – 19) 
7.2 
(0 – 17) 
5.6 
(0 – 13) 
- - - 
 Post-larval fish 32.7 
(18 – 47) 
28.3 
(18 – 39) 
28.6 
(19 – 38) 
3.3 
(0 – 9.6) 
8.1 
(0 – 17) 
9.5 
(0.02 – 19) 
 Gould’s squid 12.2 
(0 – 30) 
12.1 
(0 – 26) 
13.4 
(0.1 – 27) 
- - - 
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Table 5.5. contin. 
 
  Little penguin Short-tailed shearwater 
Year Prey species Western Central Eastern Western Central Eastern 
2010 
contin. 
Coastal krill 6.2 
(0 – 17) 
12.4 
(0 – 26) 
14.5 
(0 – 30) 
6.7 
(0 – 18) 
22.0 
(10 – 34) 
21.3 
(8.1 – 33) 
 Hyperiid amphipod - - - 11.7 
(0.04 – 23) 
16.6 
(2.3 – 29) 
10.9 
(0.4 – 21) 
 Thysanoessa sp. - - - 17.0 
(1.4 – 30) 
4.4 
(0 – 10) 
6.6 
(0 – 14) 
 Euphausia vallentini - - - 15.6 
(4.7 – 26) 
19.6 
(7.4 – 32) 
19.8 
(8.8 – 31) 
 Myctophid - - - 45.7 
(21 – 68) 
29.3 
(14 – 45) 
32.0 
(15 – 49) 
2011 Anchovy 10.0 
(0.3 – 20) 
8.6 
(0 – 20) 
5.8 
(0 – 14) 
- - - 
 Pilchard 10.5 
(0.1 – 20) 
13.6 
(0.2 – 26) 
12.8 
(0.3 – 25) 
- - - 
 Barracouta 13.5 
(1.7 – 24) 
15.4 
(1.2 – 28) 
7.3 
(0 – 16) 
- - - 
 Red cod 15.0 
(0.8 – 28) 
10.0 
(0 – 22) 
11.9 
(0 – 26) 
- - - 
 Blue warehou 7.8 
(0 – 17) 
9.1 
(0 – 20) 
5.7 
(0 – 13) 
- - - 
 Post-larval fish 14.8 
(6.3 – 23) 
19.4 
(9.7 – 29) 
28.3 
(19 – 38) 
9.2 
(0 – 19) 
5.6 
(0 – 14) 
28.7 
(13 – 44) 
 Gould’s squid 15.0 
(1.1 – 27) 
14.3 
(0 – 28) 
12.8 
(0.02 – 26) 
- - - 
 Coastal krill 13.5 
(0.2 – 26) 
9.6 
(0 – 22) 
15.4 
(0 – 31) 
29.9 
(16 – 44) 
28.9 
(16 – 42) 
32.8 
(18 – 48) 
 Hyperiid amphipod - - - 14.7 
(0.46 – 27) 
14.0 
(0.48 – 26) 
9.9 
(0 – 22) 
 Thysanoessa sp. - - - 5.5 
(0 – 12) 
5.3 
(0 – 12) 
5.9 
(0 – 14) 
 Euphausia vallentini - - - 10.8 
(0.06 – 22) 
8.7 
(0 – 19) 
8.2 
(0 – 19) 
 Myctophid - - - 29.9 
(11 – 48) 
37.4 
(18 – 57) 
14.4 
(0 – 30) 
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determine whether additional prey taxa were consumed by the two species during 
sampling years, and the differences between the original models and those 
incorporating previous dietary information may reflect these uncertainties.   
 
Discussion 
Sympatric seabird species diverge in their foraging niche in a variety of spatial and 
temporal ways (Waugh et al. 1999; Waugh and Weimerskirch 2003; González-Solís 
et al. 2008; Phillips et al. 2008; Davies et al. 2009).  Bass Strait, a region of low 
productivity (Gibbs et al. 1986), is occupied by an abundant seabird fauna (Brothers 
et al. 2001; Chapter 3), with little previously known of the trophic niches of most 
species.  The present study has shown that the four most abundant and ubiquitous 
species generally occupy different trophic niches which vary between regions, 
seasons and years.    
Isotopic signatures of the various species in the present study tended to differ 
to those reported in the literature.  In most years and locations, blood isotope values 
of little penguins tended to be lower than those of breeding birds in previous studies 
(Chiaradia et al. 2010; Chiaradia et al. 2011).  However, the diet of little penguins 
has been shown to vary between years, seasons and regions (Montague 1988; Gales 
and Pemberton 1990; Cullen et al. 1992; Chiaradia et al. 2003; Chiaradia et al. 2010; 
Chiaradia et al. 2011) and this is likely to be reflected in the isotopic signatures of 
the species.  Indeed, the relative importance of prey of little penguins predicted by 
the SIAR mixing models showed distinct spatial and temporal variation.   
In contrast, while short-tailed shearwaters in the present study fed at similar 
trophic levels to individuals in Tasmania, δ13C values were higher (Cherel et al. 
2005), though still comparable to those of seabirds in the Antarctic (Dunton 2001; 
Cherel et al. 2002a; Cherel et al. 2002b; Quillfeldt et al. 2005).  Short-tailed 
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shearwaters alternate between local trips within 35 – 70 km of the colony (Einoder 
and Goldsworthy 2005) where they feed mainly on coastal krill (Montague et al. 
1986; Skira 1986), and long trips to Antarctic waters (Klomp and Schultz 2000; 
Einoder et al. 2011).  This was reflected in the SIAR models which predicted greater 
importance of the Thysannoessa euphausiid, a Southern Ocean species (Dzik and 
Jazdzewski 1978; Hubold et al. 1988), in eastern and western Bass Strait in 2009 and 
2010, respectively, when δ13C values were lowest.  Likewise, when incorporating 
dietary information from previous studies, the predicted importance of Southern 
Ocean species, particularly myctophids, was greater in 2009 and 2010 in eastern and 
western Bass Strait, respectively.  However, given that whole blood integrates 
dietary information over approximately four weeks (Bearhop et al. 2002), isotopic 
signatures in the present study would likely reflect a combination of both local and 
Antarctic foraging trips, thereby masking any differences in blood isotope values 
between foraging zones.   
The limited data on the diets of fairy prions and common diving-petrels 
indicate the importance of coastal krill to these species (Thompson et al. 2000; 
Schumann et al. 2008).  Values of δ13C in fairy prions were similar to those recorded 
in liver of individuals in New Zealand (Thompson et al. 2000), where they also feed 
on coastal krill (Harper 1976), while blood δ13C values in common diving-petrels 
were within the range of those reported in conspecifics in the Southern Ocean.  
However, blood δ15N values of common diving-petrels in the present study were 
greater than those of Southern Ocean individuals (Bocher et al. 2000a; Phillips et al. 
2009; Anderson et al. 2010).  This is likely to reflect geographic differences in food 
webs and diet, with common diving-petrels in these regions feeding mainly on 
amphipods and copepods (Reid et al. 1997; Bocher et al. 2000a). 
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The four seabird species frequently occupied lower trophic positions than 
reported for their prey.  This may be a result of temporal or spatial differences in the 
trophic structure of food webs.  Indeed, a higher trophic position of coastal krill 
relative to short-tailed shearwaters has previously been linked to differences between 
Southern Ocean food webs and those of shelf waters (Cherel et al. 2005).  The 
reversal in trophic position may also be a consequence of the inclusion of low trophic 
prey taxa in the diet which would effectively lower the trophic position of their 
seabird predators.  For example, post-larval fish, consumed by little penguins in 
summer, occupy substantially lower trophic positions than other key prey (Cherel et 
al. 2005), thereby reducing the δ15N signature of little penguin blood.   
Temporal and geographic differences in the trophic structure of this seabird 
assemblage are likely to reflect differences in prey availability associated with the 
relative prevalence of shifting ocean currents and upwelling systems in different 
regions of Bass Strait.  For example, in summer, the SAC may transport prey and 
nutrient-enriched waters from the west into Bass Strait (Gibbs et al. 1986; Mickelson 
et al. 1992; Sandery and Kämpf 2007), weakening towards the east (Sandery and 
Kämpf 2007) where the EAC increases in prevalence and brings warmer nutrient-
poor water into north-eastern Bass Strait (Gibbs 1992).  This was reflected in the 
trophic positions occupied by little penguins.  In summer, there was a progressive 
west to east decline in trophic level, though this did not hold in 2010 when 
individuals occupied similar trophic levels across all regions.  In winter, however, the 
differences in δ15N values between little penguins in eastern and western Bass Strait 
declined, though individuals in central Bass Strait occurred at higher trophic 
positions each year.  This may reflect the greater influence of the SAC throughout 
Bass Strait (Sandery and Kämpf 2007) and an increased prevalence of the SASW 
(Gibbs 1992).  
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Inter-specific comparisons 
Overall, little penguins typically occupied the highest trophic positions of the four 
seabird species while short-tailed shearwaters always occupied the lowest.  Fairy 
prions and common diving-petrels generally occurred at intermediate trophic levels, 
though some geographic and temporal variation was evident.  These differences 
could be, in part, due to divergent diets, with the higher trophic position of little 
penguins reflecting a fish-based diet whereas stomach contents of the other species 
suggested a diet composed mainly of crustaceans.  Both stomach contents analysis 
and SIAR modelling indicated that the diets of the three procellariiformes were 
remarkably similar, with coastal krill a key prey taxon in all three species in each 
region and year.  This may reflect a superabundance of coastal krill, which is known 
to form dense aggregations in surface waters (O'Brien 1988), or indicate that the 
three species segregate their prey resources by diverging in the relative proportions 
of prey consumed as well as by foraging behaviour and breeding phenology.   
Blood isotopic signatures differed between species, potentially reflecting 
different proportions of prey taxa consumed by the three procellariiformes over 
longer time frames.  The availability of coastal krill, for example, is known to show 
considerable seasonal (Blackburn 1980; Young et al. 1993) and inter-annual 
variability (Harris et al. 1991; Young et al. 1993).  This was reflected in SIAR 
models which predicted that, with the exception of common diving-petrels in central 
Bass Strait in 2009, coastal krill contributed less to the diets of all three species in 
each region and in each year, while the estimated importance of subdominant prey 
increased.  These differences would reduce inter-specific dietary overlap, thereby 
moderating competitive pressure for prey resources.  For example, the estimated 
contribution of coastal krill to the diet of fairy prions declined from a maximum of 
78 % in summer to a maximum of 42 % in winter, whereas it represented at least 72 
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% in the winter diet of common diving-petrels.  The latter are likely to be more adept 
at obtaining coastal krill since they are able to forage at depth (Chastel 1994; Bocher 
et al. 2000b), with coastal krill thought to descend in the water column during the 
cooler months (Blackburn 1980; Young et al. 1993).   
The diminished importance of coastal krill estimated by SIAR models may be 
due, at least in part, to large-scale changes in ocean circulation in the Southern 
Hemisphere (Cai 2006), produced in association with an increasing trend in the 
Southern Annular Mode (SAM) (Marshall 2003; Cai et al. 2005), the dominant form 
of Southern Hemisphere atmospheric variability.  Climate models have described an 
intensification of the EAC due to this upward trend of the SAM (Cai et al. 2005).  A 
greater prevalence of the EAC has produced considerable declines in coastal krill 
(Harris et al. 1991; Young et al. 1993) which may explain the elevated importance of 
subdominant prey in the diets of the three species.   
The differences in blood isotope signatures between species may also reflect 
divergent foraging strategies.  Both fairy prions and common diving-petrels typically 
return to the nest every night (Richdale 1943; Richdale 1965; Harper 1976; Payne 
and Prince 1979), suggesting that they forage mainly on the shelf near their colonies, 
at least during the breeding season.  However, the lower δ13C values of common 
diving-petrels suggests that they feed further offshore than fairy prions, particularly 
in central Bass Strait.  The neritic foraging behaviour of these species could explain 
their relatively high trophic positions despite a largely planktivorous diet.  Likewise, 
despite spending part of the breeding season feeding in the Southern Ocean (Klomp 
and Schultz 2000; Einoder et al. 2011), short-tailed shearwaters forage over the shelf 
near colonies during short trips (Einoder and Goldsworthy 2005; Einoder et al. 2011) 
and there is, therefore, potential for inter-specific overlap in the foraging zones of the 
three procellariiformes.   
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These species may reduce inter-specific competition by foraging at different 
depths.  Elsewhere in the world, fairy prions take prey from surface waters (Harper 
1987; Prince and Morgan 1987) whereas common diving-petrels exploit depths 
averaging 33 – 39 m (Chastel 1994; Bocher et al. 2000b).  In contrast, short-tailed 
shearwaters attain average depths of 13 m during local trips (Weimerskirch and 
Cherel 1998).  While there is potential for overlap with little penguins, which are 
constrained to foraging within 30 km of colonies (Collins et al. 1999) and obtain 
prey at depths comparable to those reached by short-tailed shearwaters (4 – 13 m: 
(Hoskins et al. 2008), the fish-based diet of little penguins would serve to reduce 
competition with the procellariiformes.  Thus, the results of the present study suggest 
that the four species segregate their foraging niche by diverging in the relative 
proportion of prey consumed as well as foraging location and/or foraging depth.   
The four species also differ in their breeding phenologies, thereby further 
decreasing inter-specific competition for prey.  Common diving-petrels lay their eggs 
in late July (Harris 1979; Marchant and Higgins 1990), several months before the 
other procellariiformes begin breeding, with fairy prions and short-tailed shearwaters 
delaying egg laying until October – November (Harris 1979), and late November 
(Skira 1991), respectively.  This would result in no overlap in the critical chick-
rearing periods of common diving-petrels and the other procellariiformes, and 
minimal overlap in those of fairy prions and short-tailed shearwaters.  The breeding 
season of little penguins commonly begins in early to mid spring (Reilly and Cullen 
1981; Cullen et al. 1992) and is protracted (Reilly and Cullen 1981), and therefore, 
overlap with the chick rearing periods of all three procellariiformes is possible.  
While the diet of this species differed considerably to those of the procellariiformes 
in the present study, previous studies have documented the presence of coastal krill 
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in the diet, particularly in years of low pilchard and anchovy availability (Cullen et 
al. 1992), suggesting that inter-specific competition may intensify during poor years. 
 The dependence of these seabird species on a few prey types is likely to 
increase their vulnerability to reductions in prey abundance.  Coastal krill availability 
shows significant inter-annual variability associated with oceanographic conditions 
and productivity, with a virtual disappearance of coastal krill previously linked to a 
greater influence of EAC waters (Harris et al. 1991; Young et al. 1993).  Years of 
low coastal krill availability are likely to result in poor reproductive performance and 
increased mortality in the seabirds.  Indeed, significant mortality events, poor chick 
growth and population declines in short-tailed shearwaters have been attributed to 
prey shortages (Serventy et al. 1971; Skira 1986; Oka et al. 1987; Vertigan et al. in 
review).  Such declines may also impact little penguins since coastal krill is an 
important dietary component of several of their prey species (O'Brien 1988; Young 
et al. 1993).  The predicted increase in the strength of the EAC with climate change 
(Cai et al. 2005), therefore, could have severe negative consequences for the krill-
consuming guild of the Bass Strait seabird community.  
In summary, the present study has shown that the trophic niches of seabirds in 
Bass Strait vary significantly between years, seasons and regions.  These differences 
are likely to result from changes in prey availability driven by ocean currents and 
local variations in productivity.  Despite inter-specific similarities in diet, particularly 
of the three procellariiformes, divergence in the relative proportions of prey 
consumed, as well as in foraging behaviour and breeding phenology, is likely to 
reduce inter-specific competition for prey, though this may become more important 
in years of low prey availability for the three petrels.  The low diversity of prey taxa 
ingested by seabirds suggests that they are vulnerable to changes in the availability of 
key prey.  In order to better understand the foraging niches of the Bass Strait 
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community of seabirds and their capacity to adapt to changing environmental 
conditions, information on foraging zones and feeding behaviour is required.  While 
research exists on the foraging behaviour of little penguins in Bass Strait (Collins et 
al. 1999; Hoskins et al. 2008; McCutcheon et al. 2011), nothing is known of that of 
fairy prions or common diving-petrels in the region.  With the advent of new 
technologies, it may soon be possible to document the foraging behaviour of these 
species.  Similarly, while recent studies have provided valuable information on the 
foraging zones of short-tailed shearwaters during local trips (Einoder and 
Goldsworthy 2005; Einoder et al. 2011), published information does not exist for 
individuals breeding in Bass Strait.  This information may elucidate the likelihood of 
inter-specific competition in this assemblage of seabirds. 
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CHAPTER 6  
DISCUSSION 
 
 
 
 Fairy prion, Kanowna Island, August 2009 (image courtesy of Tanya Pyk, 
2009). 
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Introduction 
In undertaking this study, the main research objective was to explore niche 
separation in a burrowing seabird assemblage in Bass Strait.  In the previous 
chapters, I have focused on: 1) the distribution and abundance of breeding seabirds, 
the effects of reductions in survey effort on estimates of population size and the 
terrestrial habitat used for breeding; and 2) trophic relationships of seabirds breeding 
in Bass Strait.  The aims of the present chapter are to synthesise the major findings of 
the previous chapters within a niche separation framework and to develop a biomass 
consumption model for the four main burrowing seabird species breeding in Bass 
Strait.  These will be discussed in light of the potential impacts of climate change on 
terrestrial and marine habitats in the region.   
 
Burrowing seabird habitat, potential effects of climate change, survey effort and 
implications for monitoring 
Availability of breeding habitat plays an important role in the regulation of bird 
populations (Newton 1994).  As central place foragers, seabirds are dependent on the 
presence of suitable breeding habitat near foraging grounds (Warham 1990; Warham 
1996), and since they play a key role in marine trophic webs (e.g., Brooke 2004), it is 
important to understand what constitutes suitable breeding habitat.  This will help 
guide appropriate management responses to population change.  In the present study, 
seabirds used a variety of habitat attributes, thought to be associated with physical 
adaptations, predator avoidance and, potentially, inter-specific competition (Chapter 
4).   
The islands around Wilsons Promontory support an abundant marine avifauna 
which overlaps in distribution; little penguin (Eudytpula minor) and short-tailed 
shearwater (Ardenna tenuirostris) colonies were found on all 15 islands surveyed, 
and burrows of fairy prions (Pachyptila turtur) and common diving-petrels 
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(Pelecanoides urinatrix) occurred on 6 and 11 islands, respectively (Chapter 3).  
Colonies of the four seabird species frequently overlapped on the islands, with the 
use of particular habitat features, particularly steep slopes and areas near the ocean, 
common to two or more species (Chapter 4).  Given that the four species all nest in 
burrows and display temporal overlap in their attendance ashore (Marchant and 
Higgins 1990), there is potential for these species to compete for breeding habitat.  
However, the total suite of nesting habitat features used by the four species diverged 
and each species tended to nest in different microhabitats within overlapping areas 
(Chapter 4).  In this way, inter-specific competition for breeding habitat was 
minimised.  
 Nonetheless, inter-specific competition may increase in the future if the 
availability and quality of terrestrial breeding habitat declines with climate change.  
Together with projected increases in ambient temperatures (Suppiah et al. 2007) and 
evaporation rates (Hughes 2003), predicted decreases in rainfall in southern Australia 
(Christensen et al. 2007; Suppiah et al. 2007) will produce drier conditions 
(Christensen et al. 2007; Hennessy et al. 2007).  Sea-level, as well as height and 
frequency of storm surges, are also predicted to increase (McInnes et al. 2009), 
potentially increasing exposure of vegetation to inundation and salt spray.  This may 
alter vegetation community composition and distribution (e.g., Barbour 1978), 
thereby reducing soil stability and producing greater erosion rates (potentially 
already enhanced by increasing sea-level and storm surges, McInnes et al. 2009), and 
changes in soil profile and runoff patterns.   
Thus, the impacts of climate change on island habitats may have significant 
implications for seabird populations.  Little penguins, fairy prions and common 
diving-petrels are probably at greatest risk since their breeding habitat is likely to be 
disproportionately affected.  For example, predicted sea level rises will intensify the 
risk of low-lying colonies around island perimeters being inundated by ocean surges 
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during storm events (Dann and Chambers in review) and reduce the extent of steeply 
sloping areas which generally occur along island perimeters (Chapter 4).  The rocky 
crevices typically used for nesting sites by fairy prions also tend to be more abundant 
around island edges (pers. obs.).  Furthermore, rising sea level may alter the 
dynamics of ocean surges onshore, potentially changing the characteristics of 
suitable landing sites for little penguins.   
The extent of these effects on demographic parameters of seabirds is unknown 
and depends, in part, on the ability of the various species to exploit altered habitat 
attributes.  A reduction in habitat area is certainly likely to increase competitive 
interactions between species and potentially force seabirds to shift to less suitable 
sites or abandon the area.  In the present study, this is more likely for little penguins, 
fairy prions and common diving-petrels which tended to nest near island perimeters 
(Chapter 4).  Shifts in nesting sites of these could potentially lead to a decline in 
reproductive success, possibly due to the disruption of pair bonds, which are 
associated with nesting site fidelity (Morse and Kress 1984; Cadiou et al. 2010), or 
the ability to maintain burrows and avoid predators in suboptimal breeding areas.  A 
reduction in reproductive success of these three species could be exacerbated by 
greater competition with short-tailed shearwaters if little penguins and the two 
smaller petrels move into breeding areas occupied by the former.  Given their wider 
niche breadth (Chapter 4), short-tailed shearwaters may be better able to cope with 
changing habitat features and exclude the other species, particularly the smaller 
petrels, from breeding areas.  This would compound the negative effects of habitat 
loss on little penguins, fairy prions and common diving-petrels.   
Inter-specific competition between seabirds in the present study could be 
further aggravated if seabird species usually associated with more northerly latitudes 
shift southwards with climate change as has been documented in seabird assemblages 
in south-western Australia (Dunlop 2009).  A possible candidate for southward range 
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extension in south-eastern Australia is the wedge-tailed shearwater (Ardenna 
pacifica), which co-exists with short-tailed shearwaters on several islands on the 
New South Wales coast (e.g., Schultz and Klomp 2000).  Such shifts would result in 
a greater number of species vying for breeding sites.  Ultimately, changes in the size 
of populations of the four seabird species in the present study, particularly of little 
penguins, fairy prions and common diving-petrels, seem plausible outcomes of the 
combined effects of climate change and inter-specific competition on breeding 
habitat.  
Seabirds are major engineers of island ecosystems (Smith et al. 2011), and 
seabird islands often represent some of the last refuges for many non-seabird species 
which are threatened on the mainland.  Indeed, Bass Strait islands support several 
endangered mammal species (Hope 1973; Burbidge et al. 1997; Sale et al. 2006).  
Combined with the key role of seabirds in marine food webs (Brooke 2004), this 
indicates that any changes in seabird populations could have major follow-on effects 
on marine and terrestrial systems.  For these reasons, and because the foraging 
environment of seabirds in Bass Strait is also predicted to shift with climate change 
(Cai et al. 2005; Feng et al. 2012), regular seabird surveys are required.  These will 
enable long-term population trajectories to be identified and timely conservation 
management to be undertaken in response to changes in seabird populations.  Indeed, 
the decline of short-tailed shearwaters (Chapter 3) demonstrates the importance of 
monitoring to capture population changes. 
Surveys were generally conducted over periods of 4 – 14 days, and involved 
field crews of 3 – 4 people, a level of survey effort difficult to provide for most 
wildlife management agencies.  Previous surveys in the region involved visits 
averaging only 1.5 h (Harris and Deerson 1980a, 1980b, 1980c; Harris and Norman 
1981) while surveys of Tasmanian islands have entailed visits of <1 day (Brothers et 
al. 2001).  Consequently, the survey effort used in the present study is the maximum 
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recorded for this region, and it is considered unlikely that a survey of this magnitude 
could be regularly repeated in future.   
However, I have shown that survey effort can be significantly reduced using a 
pseudo-random sampling design, with only 18 quadrats (10 % of the maximum 
survey effort applied in the present study) required per island (Chapter 2).  This 
would result in a maximum difference of 1 and 7 % between means at the reduced 
and full survey effort for short-tailed shearwaters and little penguins, respectively, 
and 36 % between confidence intervals at the reduced and full survey efforts for both 
species (Chapter 2).  At this level of survey effort, it would be reasonable to survey 1 
– 2 islands per day, though this would depend, in part, on island size, distance from 
boat launching sites and between islands, and how easily each island is traversed 
(larger islands with more fragile soils would require a greater amount of time).   
The presence of fairy prions and common diving-petrels (Chapter 3), however, 
indicates that systematic line transects should be used as colonies of these occur in 
disjunct patches.  Since the distribution of little penguin colonies is also 
heterogeneous on islands, the minimum survey effort required for little penguins 
using systematic methods is used here as a surrogate for the smaller petrels.  This 
showed that the proportion of transects surveyed could be reduced on only one of the 
four islands included in analyses while the proportion of quadrats could be reduced 
on two islands only (Chapter 2).  Consequently, required survey effort is island-
dependent, and reducing survey effort could result in a loss of accuracy and/or 
precision.  It may, therefore, be more feasible to select a subset of some of the more 
accessible islands when monitoring seabird populations to use as proxies for the 
broader region.  Thus, regular monitoring of seabirds should be possible, even with 
limited budgets and logistical constraints.  However, investigators should be aware 
that population trajectories may vary spatially as a result of inherent, island-specific 
factors such as differential predation or changes in vegetation.   
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Burrowing seabird trophic niche separation and biomass consumption  
The islands in north-central Bass Strait support an estimated 1 629 800 breeding 
burrow-nesting seabirds (Chapter 3), suggesting that seabirds in the region have a 
major impact on the marine ecosystem of Bass Strait, particularly since three species 
consume coastal krill (Nyctiphanes australis) in high proportions.  Climate change 
may have a significant impact on the oceanography of Bass Strait, producing changes 
in ocean currents (Cai et al. 2005), prey availability (Harris et al. 1991) and, 
potentially, inter-specific dynamics.  To quantify the impact of the four species on 
prey populations, and predict the effects of climate change on seabirds and the 
potential for interactions with fisheries, an estimate of seabird biomass consumption 
is necessary. 
A preliminary biomass consumption model is presented here for burrowing 
seabirds on the islands around Wilsons Promontory based on the dietary proportions 
predicted by SIAR models (Chapter 5) and abundance estimates (Chapter 3).  To 
determine the trophic impact of these seabirds across Bass Strait, the model is 
extended to western, central and eastern Bass Strait during the breeding season only 
since abundance data for other parts of Bass Strait are limited to breeding numbers.   
The 14 other seabird species breeding in Bass Strait, which may represent at least 
522 500 individuals (Ross et al. 2001), are not included in the model.  
The Bass Strait-wide biomass consumption estimate was calculated using 
abundance estimates in Harris and Norman (1981), Brothers et al. (2001), Dann and 
Norman (2006), (Dann et al. 2004) and P. Dann (unpubl. data), and prey proportions 
estimated by SIAR models in each region of Bass Strait (Chapter 5).  Since fairy 
prions and common diving-petrels do not occupy islands in north-eastern Bass Strait, 
dietary information from western Bass Strait was used for eastern Bass Strait since 
both locations occur near the shelf edge.   
   
 185 
In addition to data on diet and abundance, the development of a biomass 
consumption model requires information on field metabolic rates (FMR) and 
assimilation efficiencies of the seabirds, as well as energy densities of prey.  
Estimates of field metabolic rates (FMR, Table 6.1) were available for little 
penguins, fairy prions and common diving-petrels.  For short-tailed shearwaters, 
FMR was estimated from body mass (659 ± 8.8 g (SE), unpubl. data) and an 
allometric equation for Procellariiformes (Ellis and Gabrielsen 2002).  The energy 
contents of key prey taxa of the four species (Chapter 5) were estimated using 
published values (Table 6.2) and corrected for assimilation efficiencies (Gales and 
Green 1990).  These were assumed to be 70.5, 73.0 and 74 % for fish, cephalopods 
and crustaceans, respectively, in little penguins (Gales 1989), and 77.9 and 76.0 % 
for fish and crustaceans, respectively, in the three procellariiform species (Jackson 
1986).  Where calorific values of prey were unavailable, values in Croxall et al. 
(1985) or the average of known values of other prey taxa (Table 6.2) were used.   
To estimate the biomass consumed by the four seabird species on the islands 
around Wilsons Promontory and the broader area of Bass Strait, the daily energy 
requirements of each species were calculated and multiplied by the number of days 
resident in the area.  Short-tailed shearwaters migrate away from southern Australia 
during winter (Marchant and Higgins 1990) and, therefore, annual biomass 
consumption of this species was restricted to September – April excluding their pre-
breeding exodus (Skira 1991) to the Southern Ocean (Marchant and Higgins 1990).  
This will result in an over-estimate since individuals of this species spend part of the 
breeding season foraging in Antarctic waters (Einoder et al. 2011).  Common diving-
petrels were largely absent in summer (Chapter 3) and, therefore, it is assumed that 
they occupy the region during their breeding season only.  In contrast, little penguins 
generally remain in Bass Strait year-round (Collins et al. 1999; Hoskins et al. 2008; 
McCutcheon et al. 2011, Chapter 3) and fairy prions are likely to be resident in the 
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Table 6.1. Field metabolic rates (FMR), time spent in the region and individual 
biomass consumption of little penguins, short-tailed shearwaters, fairy prions and 
common diving-petrels during summer and winter.  Breeding includes the pre-laying 
period and breeding until the end of fledging, except of short-tailed shearwaters 
which spend their pre-laying exodus outside Bass Strait (Marchant and Higgins 
1990).  
Species FMR 
(kJ/day) 
Approximate time 
spent in region 
per season 
Individual energy 
requirements 
(kJ/season) 
Little penguin     
    Summer (breeding) 644 - 2876 a 147 days a 268 610 a 
    Winter (non-breeding) 880 - 1243 a 218 days a 264 800 a 
 
Short-tailed shearwater       
    Summer (breeding)  1042 180 days 187 560 
 
Fairy prion    
    Summer (breeding) 256b 181 days 
(mid-Oct – Feb) 
 
46 336 
    Winter (non-breeding) 256b 184 days 
(Mar – mid-Oct) 
 
47 104 
Common diving-petrel *    
    Winter (breeding) 429b 178 days  
(late June – mid-
Dec) 
76 362 
*Since common diving-petrels were virtually absent from islands in summer surveys, 
data for the breeding season only are provided. 
a From (Gales and Green 1990) 
b From (Green and Brothers 1989) 
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Table 6.2. Prey species used in biomass consumption models and energy content of prey. 
Prey species Energy 
content (kJ/g) 
Reference 
Coastal krill  
(Nyctiphanes australis) 
3.49 Green and Brothers (1989) 
Euphausiid  
(Thysanoessa sp.) 
3.92 Average of coastal krill and Antarctic krill 
Euphausia superba (Croxall et al. 1985) 
Euphausiid 
Euphausia vallentini) 
4.35 E. superba (Croxall et al. 1985) 
Hyperiid amphipod  
(Themisto gaudichaudii) 
3.11 Ciancio et al. (2007) 
Swimming crab megalopa  
(Ovalipes sp.) 
3.3 Average of coastal krill and T. 
gaudichaudii 
Pilchard  
(Sardinops sagax) 
8.6 Bunce (2001) 
Australian anchovy  
(Engraulis australis) 
5.2 Bunce (2001) 
Barracouta  
(Thyrsites atun) 
7.1 Bunce (2001) 
Southern sea garfish  
(Hyporhamphus melanochir) 
5.7 Bunce (2001) 
Jack mackerel  
(Trachurus declivis) 
7.19 Average of anchovy, pilchard, barracouta, 
and southern sea garfish, silver warehou 
(Seriollela punctata) 
Red cod 
(Pseudophycus bachus) 
7.19 Average of anchovy, pilchard, barracouta, 
southern sea garfish and silver warehou 
Blue warehou 
(Seriollela brama) 
9.36 Silver warehou (Eder and Lewis 2005) 
Myctophid 
(Krefftichthys anderssoni) 
8.1 Cherel and Ridoux (1992) 
Post-larval fish 5.0 Based on post-larval herring (Clupea 
harengus) (Barrett et al. 1987) 
Gould’s squid  
(Nototodarus gouldi) 
5.48 Green et al. (1988) 
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region year-round (Chapter 3).  
The energy demands of little penguins have been shown to vary substantially 
throughout the year and, therefore, the winter (non-breeding) and breeding energetic 
requirements of this species were estimated separately using the summed seasonal 
energy requirements of this species in (Gales and Green 1990).  This information is 
not available for the other species and, consequently, the energy requirements of 
these do not account for temporal variation.  The annual energy demands of each 
species were then multiplied by the number of breeding individuals in the population 
(Chapter 3) and converted to a biomass consumption estimate using the 
metabolisable energy content and predicted proportions of prey, averaged over the 
three-year study period (Chapter 5).   
In total, an estimated 119 500 tonnes of prey is consumed annually by the 
breeding population of burrow-nesting seabirds on islands around Wilsons 
Promontory, with 111 900 tonnes consumed by short-tailed shearwaters (Table 6.3).  
Assuming that coastal krill is consumed in the proportions estimated by SIAR 
models (Chapter 5), this equates to 51 500 tonnes of coastal krill consumed annually 
by the three procellariiformes on islands around Wilsons Promontory.  However, 
other species which breed in north-central Bass Strait, such as white-faced storm-
petrels (Pelagodroma marina) (Underwood and Bunce 2004) and black-faced 
cormorants (Phalacroxorax fuscescens) (Taylor et al. in review), may feed in the 
region, and these were not included in analyses.  Therefore, the estimated biomass 
consumed by seabirds is an underestimate.  Extending the biomass consumption 
model to the entire Bass Strait region, an estimated 1 270 200 tonnes of prey, 
including 189 100 tonnes of coastal krill, are consumed by the four species during 
breeding each year (Table 6.4).   Of this, 698 700 tonnes (55 %) is extracted from 
seabirds breeding on islands in eastern Bass Strait (Table 6.4, Fig. 6.1).  Prey  
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Table 6.3. Estimated annual biomass consumption of little penguins, short-tailed 
shearwaters, fairy prions and common diving-petrels on the islands around Wilsons 
Promontory, north-central Bass Strait, during summer and winter (Chapter 3).  Approximate 
time spent in region includes the pre-laying and breeding periods until the end of fledging.  
Species Prey type Biomass consumed 
(tonnes/season) 
Total biomass consumption 
(tonnes per season) 
Little penguin (summer) Clupeoid fish  1000  
 Other fish 1100  
 Cephalopods 500 2600 
 
Little penguin (winter) Clupeoid fish  1100  
 Other fish 1100  
 Cephalopods 700 2900 
 
Short-tailed shearwater (summer) Coastal krill 50 000  
 Other crustaceans 61 900 111 900 
 
Fairy prion (summer) Coastal krill 100  
 Other crustaceans 100 200 
 
Fairy prion (winter) Coastal krill 200  
 Other crustaceans 300 500 
 
Common diving-petrel (winter) Coastal krill 1200  
 Other crustaceans 200 1400 
 
* Since common diving-petrels were virtually absent from islands in summer   
   surveys, data for the breeding season only are provided 
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Table 6.4. Estimated biomass (tonnes) consumed by little penguins, short-tailed 
shearwaters, fairy prions and common diving-petrels in Bass Strait during the breeding 
seasons of the four seabirds.  Estimates of abundance throughout Bass Strait were 
determined by combining abundance estimates in Chapter 3 and estimates obtained 
elsewhere (see text for details). 
Species Prey type Region of Bass Strait 
West Central East 
Little penguin  Clupeoid fish 900 1400 9300 
 Other fish 2400 3100 20 600 
 Cephalopods 500 700 4200 
 Coastal krill 300 400 2800 
Short-tailed shearwater  Fish 145 400 183 100 413 900 
 Coastal krill 34 500 51 700 93 100 
 Other crustaceans 62 500 76 300 154 400 
Fairy prion  Coastal krill 1100 800 300* 
 Other crustaceans 500 700 100* 
Common diving-petrel Coastal krill 1600 2500 0.1* 
 Other crustaceans 600 500 0* 
* Based on dietary data in western Bass Strait since both locations are near the shelf edge 
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698 700 tonnes      321 200 tonnes      250 300 tonnes
Fish
Cephalopods
Crustaceans
      
 
Fig. 6.1. Estimated biomass consumption of breeding seabirds in three regions of Bass Strait.  Dashed lines delineate western, central and 
eastern Bass Strait. 
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consumption by the entire population of seabirds feeding in Bass Strait is likely to be 
far higher since the present study models biomass consumption by four species only.   
It is important to understand niche separation in this assemblage of seabirds 
since climate change may result in altered inter-specific dynamics.  The large 
biomass consumed and heavy reliance on a few prey species by the seabirds in the 
present study (Chapter 5), suggests that there is potential for inter-specific 
competition.  This may be attenuated by divergence in foraging niche.  While 
information on the foraging behaviour of fairy prions and common diving-petrels is 
lacking in the region, little penguins typically forage at average depths of 4 – 18 m 
(Hoskins et al. 2008) within 30 km of breeding colonies (Collins et al. 1999).  In 
contrast, short-tailed shearwaters alternate between local foraging trips within 70 km 
of colonies and long trips to the Southern Ocean (Klomp and Schultz 2000; Einoder 
et al. 2011).  This species exploits depths of 13 m on average during local trips 
(Weimerskirch and Cherel 1998).  In addition, minimal overlap in key breeding 
stages of seabirds (Marchant and Higgins 1990) and differential consumption of 
coastal krill (Chapter 5) would further regulate competition.  However, competition 
for food resources may increase due to reductions in prey availability with climate 
change. 
Climate change is predicted to produce significant changes in the 
oceanography of Bass Strait and its biological communities (reviewed by 
Poloczanska et al. 2007).  Over half the biomass consumed by the four seabird 
species in the present study is consumed by individuals breeding on the eastern 
islands, and the impacts of climate change may be particularly important in this 
region.  For example, the oligotrophic East Australian Current (EAC), which flows 
along the eastern edge of Bass Strait (Ridgeway and Godfrey 1997; Sandery and 
Kämpf 2007), is predicted to strengthen with a corresponding increase in sea surface 
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temperatures (SST) (Cai et al. 2005).  A great reduction in coastal krill and other 
large zooplankton has been reported in some years in conjunction with a greater 
influence of the EAC (Harris et al. 1991; Young et al. 1993).  Coastal krill and other 
large zooplankton are probably dependent on wind-mixing of cool, nutrient-enriched 
waters of subantarctic origin (Harris et al. 1991).  This may decrease throughout 
Bass Strait with the projected reduction in wind speeds (CSIRO and Australian 
Bureau of Meteorology 2007; Poloczanska et al. 2007).   
Consequently, coastal krill is likely to experience considerable declines with 
climate change.  This may have adverse follow-on effects on krill-dependent species, 
such as jack mackerel (Trachurus declivis) (Young et al. 1993).  Fish recruitment 
could also decline due to reduced vertical mixing (Poloczanska et al. 2007), a 
decrease in inshore productivity owing to reduced light available to marine plants as 
sea level rises (Short and Neckles 1999) and a reduction in runoff (Hughes 2003) for 
species that spawn in estuarine waters (Dann and Chambers in review).  Ultimately, 
these changes are likely to reduce the availability of prey to seabirds, particularly the 
three procellariiformes, though modelling suggests that in the short-term, Bass Strait 
may be more productive with increasing sea temperatures (Brown et al. 2010), 
possibly benefiting fish-eating species, such as little penguins (Cullen et al. 2009; 
Sidhu et al. 2012).  
It is not known how seabird populations will respond to changes in prey 
availability.  They may be able to compensate for potential reductions in food 
resources by switching to alternative prey (e.g., Abraham and Sydeman 2006; 
Chiaradia et al. 2010), though it is likely that these will be similarly affected by the 
impacts of climate change.  Plasticity in foraging effort may also enable the seabirds 
to respond to a changing marine environment (e.g., Grémillet et al. 2012).  However, 
little penguins have been shown to have limited ability to adjust their foraging range 
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(Chiaradia and Nisbet 2006) and the capacity of most species in the region to do so is 
not known.  Ultimately, there is likely to be a limit beyond which seabirds are no 
longer able to buffer the negative effects of climate change (Grémillet et al. 2012) 
and long-term depletions in prey may ultimately lower breeding success, potentially 
influencing population trajectories (Curty et al. 2011).  Certainly, previous large-
scale mortalities and/or reductions in reproductive success of little penguins and 
short-tailed shearwaters have been associated with declines in key prey (Oka et al. 
1987; Bradley et al. 1991; Dann et al. 2000; Vertigan et al. in review).   
Thus, climate change, through its potential to produce declines in prey 
availability, may intensify pressure on prey resources.  This may be further 
complicated by the activities of commercial fisheries, which harvest several of the 
fish prey consumed by little penguins (Kailola et al. 1993), though fishing effort is 
concentrated along the shelf edge and is highest in north-eastern Bass Strait 
(Larcombe et al. 2001; Prince 2001).  Declines in prey availability are likely to have 
a considerable impact on inter-specific dynamics, enhancing competition as the four 
species feed on a reduced prey base.  This could trigger increased segregation in 
foraging niche through time, with Barger and Kitaysky (2012), for example, 
reporting greater divergence in isotopic signatures between murres (Uria spp.) during 
times of nutritional stress.  Alternatively, reductions in population size, particularly 
of those species likely to be less adept at capturing prey, may occur.  For example, 
fairy prions, which take prey from the surface (Harper 1987; Prince and Morgan 
1987), may be outcompeted by short-tailed shearwaters and common diving-petrels 
which have a broader foraging niche; both species capture prey at depth (Chastel 
1994; Weimerskirch and Cherel 1998; Bocher et al. 2000) and at the surface (Prince 
and Morgan 1987).  The effects of inter-specific competition for prey on seabird 
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populations would be further compounded by greater competition for suitable 
breeding habitat in the region (Chapter 4).   
 
Future directions and management priorities 
Long-term monitoring of seabird populations is required to detect and respond to 
population trends as outlined earlier.  This is essential to separating natural, cyclic 
variability in seabird abundance from the impacts of climate change (Sydeman et al. 
2012) and other anthropogenic threats.  Such information is important to understand 
the scale of threats and take appropriate conservation action where required.  These 
programs need to be accompanied by surveys of island characteristics (e.g., 
vegetation, soil structure etc.) and seabird colony mapping to facilitate detection of 
any changes in terrestrial habitat use and colony distribution on islands.  Measures of 
reproductive success within different habitat types and estimates of the area of these 
habitats would enable inferences to be made about inter-specific dynamics on land 
and the likely effects on seabird populations.  
Studies investigating the energy requirements of the three procellariiformes 
throughout the various stages of the breeding and non-breeding seasons for resident 
species would provide a more accurate biomass consumption model.  Since dietary 
shifts may indicate a reduction in prey availability (e.g., Provencher et al. 2012), 
regular dietary studies on this assemblage of seabirds are needed to assess 
relationships between seabird abundance and prey availability.  Given the 
impracticality and invasive nature of obtaining stomach contents from seabirds, it 
may be appropriate to use other variables, such as isotopic niche position (e.g., 
Provencher et al. 2012) or stress hormone corticosterone levels (e.g., Barger and 
Kitaysky 2012) as proxies for prey availability and inter-specific competition.   
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In order to quantify niche separation in this assemblage of seabirds, more 
information on foraging behaviour is required (Chapter 5).  Specifically, the foraging 
zones of short-tailed shearwaters, fairy prions and common diving-petrels in Bass 
Strait need to be established.  New technologies may soon become available that 
enable fine-scale identification of foraging zones of the smaller species.  Information 
on foraging depth of common diving-petrels would reveal whether they are likely to 
compete directly with short-tailed shearwaters for prey.   
Overall, concurrent data on seabird population trends, nesting site distribution 
on islands, reproductive phenology and success and diet are required to enable links 
to be made between seabird abundance, and habitat and prey availability.  Such data 
would also provide a more comprehensive understanding of the causal factors behind 
any changes in seabird abundance and distribution, and contribute valuable 
information on niche separation in this assemblage of seabirds.   
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